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 The accelerated ash loading of diesel particulate filters (DPFs) by lube-oil 
derived products is investigated in the present study.  A 517-cc single-cylinder, naturally 
aspirated direct-injection diesel engine is used to accelerate ash formation by artificially 
increasing the rate of lube-oil consumption to approximately 40 times that observed 
during normal engine operation.   Lube-oil consumption (LOC) is accelerated by 
blending diesel fuel with 5% by volume of standard 15-w40 lube oil and is subsequently 
injected through the fuel injector into the combustion chamber.  
           The ash loading protocol is a backpressure-based method of determining the 
amount of soot present within the DPF and initiating active regeneration upon achieving 
the target soot loading of 3 grams per liter.  The final protocol employed a backpressure 
threshold that is defined for each individual loading by adding 0.20 psi to the baseline 
backpressure observed for that cycle, and consistently achieved the target soot loading.  
The active regeneration strategy was also refined to gradually increasing DPF 
temperatures to approximately 700ºC. 
           A total of five full experiments are carried out in the present investigation.  Two 
cordierite substrates, one silicon carbide substrate, and two mullite substrates are utilized 
to evaluate the performance of the accelerated ash loading protocol and make necessary 
refinements.  The rate of backpressure increase with respect to ash accumulation varies 
substantially between substrates.  Soot lightoff temperatures for all substrates are 




except in the highly-catalyzed substrates, where lightoff temperatures are initially lower 
but increase as ash accumulation limits exposure of the PGM to the soot layer. 
 Characterization techniques such as Electron Probe Microanalysis (EPMA), 
Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS), X-ray 
Diffraction (XRD), and Inductively Coupled Plasma Atomic Emission Spectroscopy 
(ICP-AES) are used to analyze the ash layer for comparison to previously published 
results. All characterization results depict an ash layer that increases in thickness along 
the direction of flow within the DPF.  The relative thickness of each ash layer is observed 
to be a strong function of the channel wall topography as well as the presence of catalyst 
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 This chapter provides the relevant background information that motivates the 
study of diesel particulate filters (DPFs).  An overview of the benefits and challenges 
presented by the use of diesel engines for various automotive applications are presented 
in Section 1.1.  A brief description of current and future trends in domestic and foreign 
emission regulations as well as the techniques and technologies being employed to meet 
these increasingly stringent requirements is provided in Section 1.2.  A discussion of the 
challenges facing the wide spread implementation of DPF systems and a detailed 
discussion of the current investigation are presented in Sections 1.3 and 1.4, respectively.  
 
1.1 Overview 
 Diesel engines are widely used as source of power for various applications all 
around the world, with transportation-related applications responsible for the majority of 
diesel engine usage.  A study conducted in 1995 by Mori [1] estimated the total number 
of vehicles owned worldwide was approximately 640 million, with roughly 67 million of 
them powered by diesel engines.  Diesel engines are classified into different categories 
according to the duty-cycle and total power requirement, both of which depend on the 
intended application.  A breakdown of diesel engine usage, shown in Figure 1.1, shows 




Figure 1.1:  Breakdown of diesel engine usage worldwide in 1995, by type[1] 
 
 
17% belonging to the truck market.  While spark-ignition engines dominate the US 
vehicle market at the time this study was carried out, diesel engines have been the subject 
of increased research and implementation as of late.  Diesel engines traditionally possess 
an inherently high fuel efficiency coupled with long-term durability, both of which are 
important to a market that is becoming increasingly concerned with rising fuel costs and 
environmental protection.  The increase in efficiency is the result of the required air/fuel 
ratios for each engine.  Spark-ignition engines employ a throttling process and require a 
stoichiometric air/fuel ratio for three-way catalyst operation, resulting in throttling losses 
and higher HC and CO emissions.  Diesel engines do not employ a throttling process, 
instead utilizing significantly higher compression ratios with a lean air/fuel ratio, 
resulting in a larger percentage of fuel being consumed during the power stroke which, 
when combined with a higher density fuel, results in better fuel economy.  With regard to 
longevity of usage, typical SI engines are designed for a lifetime of approximately 
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100,000 miles, while typical diesel engines are design to exceed 500,000 miles of usage, 
with some heavy-duty engines designed to achieve over 1,000,000 miles [2,3].  These 
combined benefits of diesel engines ensure its place in global infrastructure, making it the 
almost exclusive powerplant of choice for buses, trains and heavy construction 
machinery. 
 Recently, diesel engines have become the subject of increased research for 
employment with hybrid vehicles and other alternative power applications, all of which 
are intended to reduce US dependence on foreign oil.  Figure 1.2 represents a breakdown 
of US oil import from various countries in thousands of barrels per day in the month of 
October 2007.  These figures, published by the Energy Information Administration (EIA) 
indicate that the US imports more than 10 million barrels of crude oil daily.  Since 
approximately one third of this oil originates in countries that the US deems “hostile,” 
this emphasizes the need to reduce the amount of oil imported from these regions in order 








 Another issue prompting increased implementation of diesel engine technologies 
is global warming from the production of greenhouse gases.  In 2003, the EIA estimated 
that global CO2 production from the production and combustion of petroleum products, 
natural gas and coal was approximately 25.2 billion metric tons per year, an increase of 
nearly 20 percent from 1993 [5].  The use of gasoline, diesel fuel and other petroleum 
products is responsible for more than 42 percent of that total, with the United States 
responsible for approximately one quarter of global CO2 production [6].  The EPA 
estimates that these increased CO2 levels in the atmosphere are responsible for a global 
temperature increase of approximately 1ºF over the last 100 years, as shown in Figure 3.  
A pronounced increase in the departure from the long-term global average temperature is 
clearly visible over the last 30 years during which CO2 production rates have been 
highest [7].  Given the current global CO2 production rate, the EPA estimates that by the 
year 2100, the average global temperature will rise by as much as 5ºF, which will 
significantly impact global weather in unknown ways.    
In response to elevated CO2 production rates, the US and many other countries are 
considering placing limits on the amount of CO2 that can be released by the production 
and combustion of fossil fuels.  Since diesel engines are inherently more fuel-efficient 
than their spark-ignition counterparts, their presence in the passenger transport market is 
becoming commonplace.  However, the fuel-saving benefits associated with diesel 
engines are associated with an increase in the production of both particulate matter (PM) 
and oxides of nitrogen (NOX), which have been identified as contributors to smog 










health issues such as lung cancer.  Ongoing research aims at reducing these harmful 
products, thus legitimizing the use of diesel engines as cleaner, more efficient sources of 
power. 
 
1.2 Legislation and Regulations 
 In 1970, Congress established the Environmental Protection Agency and assigned 
it the responsibility for regulating pollution generated by motor vehicles.  By 1975, most 
new gasoline powered cars were equipped with catalytic converters to reduce the 
emission of HC, CO and NOX; they were the first aftertreatment devices to be employed 
on a large scale.  In 1990, Congress enacted the Clean Air Act (CAA) to investigate 
automotive emissions and establish emission standards aimed at reducing these 
 
6 
emissions.  The Clean Air Act placed stringent compliance deadlines for the consistent 
reduction of air-born pollutants from all sources including passenger vehicles and heavy-
duty equipment.  Numerous amendments have since been added, each successively 
reducing the allowable amount of pollutant emission, with the eventual goal of 
developing zero emission vehicles (ZEVs).  To evaluate these emissions consistently on a 
widespread scale, the EPA developed the dynamometer-based Federal Testing Protocol 
(FTP), in which actual driving conditions are simulated, and emission levels of PM, 
THC, CO and NOx are measured. 
 Of primary concern with diesel engines is the emission of particulate matter and 
oxides of nitrogen.  Both the US and Europe have established several deadlines spanning 
from 1998 to 2010, each of which requires the reduction in the emission of one of both of 
these pollutants.  Figure 1.4 is a graphical representation of emission standards for light 
duty vehicles through 2010.  These standards are based on grams per mile, with the most 
stringent emissions window belonging to Tier 2 Bin 5 vehicles, requiring emission levels 
of less than 0.1 grams per mile for PM and 0.07 grams per mile for NOx.  This graphic 
representation provides a visual understanding of the target windows over the timeline set 
forth by the EPA. 
 For heavy-duty vehicles, maximum allowable emission levels are defined in 
grams per horsepower per hour, a basis of comparison more suitable for commercial 
trucks and buses.  Once again, graphical representation of the heavy duty vehicle 
emission standards, seen in Figure 1.5, demonstrates the target windows for the two 
pollutants of primary concern, culminating in the 2010 limits of 0.01 grams per 













 The vast majority of early diesel aftertreatment devices were engineered to reduce 
the soluble organic fraction (SOF) and other particulate matter through oxidation.  SOF 
often represents a significant portion of the soot produced and can be readily oxidized in 
the typically lean exhaust of diesel engines.  Hence, vehicle manufacturers could often 
achieve these limits simply by targeting the SOF components of the diesel exhaust. 
 More stringent regulations that have been passed recently have required more 
sophisticated systems and techniques to achieve emission levels below the allowable 
limits.  Several techniques that are currently being employed to achieve desired emission 
levels and meet EPA regulations are shown in Figure 1.6 [9].  More recent legislation 
includes durability requirements for aftertreatment products in which light duty systems 
must remain compliant over a lifetime of 100,000 miles or more.  A tier system based on 
vehicle size and duty cycle has been developed to rate the performance of vehicles 
manufactured after the year 2000, and allowable emission levels for specific mileages.  
These standards published in tabular form based on year of vehicle manufacture, can be 
found in Tables 1.1 and 1.2.  For these new regulations, vehicle manufacturers designate 
the tier in which each vehicle belongs as long as the entire fleet is below a specific 
average emission standard.  For the 2009 model year compliance deadline, tiers 9 and 10 





































Table 1.1:  EPA emission and durability standards for US passenger vehicles 

























Table 1.2:  EPA emission and durability standards for US passenger vehicles 






1.3 Long-Term DPF Durability 
 The most recent EPA benchmarks place larger emphasis on the durability of 
aftertreatment devices, requiring an operational lifetime in excess of 120,000 miles.  As a 
result, aftertreatment design engineers must contend with both catalyst deactivation 
resulting from a number of parameters, and the accumulation of residual ash within the 
DPF.  The rate of ash formation and accumulation is a strong function of lube oil 
formulation and consumption.  Initially, the ash distribution within the DPF is fairly 
uniform, but as the ash layer begins to increase in thickness, agglomerates of ash break 
loose from the layer and deposit in the rear of the filter as seen in Figure 1.7.  The 
presence of an ash layer decreases the permeability of the channel walls, and 
accumulation of ash in the rear of the DPF decreases the effective filtration volume.  
These effects combine to increase engine backpressure and results in higher soot 
production, lower efficiency and higher fuel penalty for both engine operation and 
regeneration.  Decreasing the amount of ash produced by the engine is thus recognized as 








 Lube oil consumption is the combined result of natural mechanisms such as 
migration of oil past the piston rings and positive crankcase ventilation (PCV) system 
blow-by, as well as other mechanisms such as leakage from faulty valve stem or 
turbocharger seals.  Natural consumption of lube oil by the engine will inherently remain 
a contributing factor to the formation of ash, with proper engine maintenance becoming 
imperative in order to minimize the total volume of oil being combusted.  Even with 
proper maintenance, increased engine age often results in increased oil consumptions 
rates due to both engine wear with associated oil migration past piston rings, as well as 
other minor seal failures that may go unnoticed and uncorrected by the operator. 
 The rate of ash accumulation within the DPF also increases in the presence of a 
fuel-borne catalyst (FBC), which is typically a cerium, iron or copper-based fuel additive 
that can be used to better facilitate continuous regeneration of particulate matter.  Though 
FBC additives are not used in US markets, the magnitude of these effects has been shown 
to be directly related to the formulation of the additive as well as the dosing rate [11-16]. 
 Another element that can affect the long-term performance of DPF systems is the 
durability of catalyst material present in either an upstream oxidation catalyst or in the 
DPF itself.  This system, typically referred to as a continuously regenerating diesel 
particulate filter (CR-DPF) or continuously regenerating trap (CRT) system, is designed 
to facilitate the combustion of the carbonaceous portion of the soot by lowering the 
temperatures required to achieve this oxidation.  Previous works have been dedicated to 
the study of deactivation mechanisms for different catalyst materials, with sulfur and 
phosphorus both identified as key factors in performance degradation [17-21]. 
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 Finally, in addition to the mass and volume of ash accumulated within the filter, 
the morphology of the ash and ash layer has significant influence with regard to engine 
backpressure.  Many published works have included basic characterization of ash-loaded 
DPF substrates to determine the morphology and distribution of ash resulting from a 
variety of applications and operating environments [10, 22-29].   
 
1.4 Scope of Investigation 
 The objective of the present investigation is to develop an accelerated ash-loading 
protocol that produces ash with characteristics similar to that observed in previous 
investigations of other field-aged and bench-aged systems.  The protocol is intended to 
serve as a tool for evaluating the performance of both current and future DPF substrate 
materials and configurations, providing a method for consistently accumulating a 
predetermined amount of soot and ash in the filter and including an effective and 
repeatable regeneration strategy to remove the carbonaceous material from the DPF. 
 The engine utilized for the development of this ash-loading protocol is a 517 cc, 
naturally aspirated direct injection (NA/DI) single cylinder diesel engine.  The rate of ash 
formation is accelerated by using ultra low sulfur #2 diesel fuel (15 ppm) with 5 percent 
by volume of commercially available 10w40 lube oil.  The increase in the oil 
consumption rate is estimated to be 40 times greater than the rate of oil consumption via 
natural mechanisms experienced during normal operation using un-doped fuel [30].  A 
total of 60 liters of fuel blended with an additional 3 liters of lube oil are consumed 
during each experiment.  Given the relatively short duration of the experiments and the 
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relatively large increase in lube-oil consumption rate, oil consumed by natural 
mechanisms in the engine is considered negligible and thus is not measured. 
 Several substrate materials were aged and evaluated during the development of 
this protocol.  Cordierite and SiC are both currently being used in industry as a DPF 
substrate, and mullite has been introduced more recently as a potential material for future 
applications. Differences in substrate porosity result in varying backpressure profiles, 
which in turn affects the rate of soot production by the engine.  Thus, time cannot be used 
as a method of determining the amount of soot accumulation within the filter.  Instead, 
engine backpressure is monitored and the DPF periodically removed and weighed to 
determine the mass of soot accumulation associated with each given increase in 
backpressure.  A soot loading of 3 grams per liter is selected as the target loading, and the 
associated backpressure increase is found to be approximately 0.20 psi.  The protocol 
applied for all substrates begins the recording of a baseline backpressure following a 5-
minute stabilization period for engine warm-up or post-regeneration cool-down prior to 
each loading cycle.  The loading cycle backpressure threshold is defined by adding 0.20 
psi to the recorded baseline backpressure, with the regeneration strategy initiated upon 
engine backpressure reaching this threshold. 
 The regeneration strategy itself must effectively remove carbonaceous deposits 
from the DPF without damaging the substrate.  In addition, the conditions produced by 
the engine bench and active regeneration system for this strategy should be similar to 
conditions encountered in actual applications, thus increasing the likelihood that this 
accelerated protocol accurately mimics phenomena observed in field-aged devices.  
Regeneration begins by slowly increasing DPF temperatures from approximately 425ºC 
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to 700ºC over a 15-minute period by injecting supplemental fuel into the exhaust 
upstream of the DOC.  Increasing these temperatures too rapidly can result in rapid and 
uncontrolled oxidation of soot, often producing temperature excursions capable of 
damaging the DPF.  Other considerations include closely monitoring the system and 
initiating the regeneration immediately upon backpressure reaching the aforementioned 
threshold, minimizing the amount of additional soot accumulation that could also result 
in rapid and uncontrolled regeneration. 
 Upon completion of each experiment, the DPF is removed from the canning 
system and cut into 4 sections for characterization using a multitude of analytical 
techniques.  Electron Probe Microanalysis (EPMA) is used to examine cross-sectional 
ash distributions for individual channels from various locations throughout the DPF, 
using known ash constituents such as calcium and sulfur as representative elements to 
observe the overall channel morphology with elemental maps.  Scanning electron 
microscopy is used to examine the ash layer under higher magnification, including 
individual ash particles and the interface between the ash layer and the substrate wall.  
Inductively-Coupled Plasma Atomic Emission Spectroscopy is used to analyze the fuel, 
oil and aged substrate to quantify ash content, recovery and distribution throughout the 
filter.  Finally, X-Ray Diffraction is employed to identify compounds present within the 
ash, providing further information regarding the ash itself and the associated formation 
mechanisms.  All of these tools can provide a greater understanding of trends in ash 
composition and distribution, allowing more detailed evaluation of aged systems and 
providing a reference for performance comparisons and predictions in future systems. 
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 It is expected that this work will produce a valuable means by which new DPF 
materials and systems can be rapidly evaluated to determine durability with respect to ash 
accumulation.  Furthermore, additional knowledge gained from a comprehensive 
characterization of each substrate should provide a better understanding of ash 
composition and morphology, thus contributing to the improvement of all relevant 




















 This chapter presents an overview of the relevant technical background necessary 
for the study of diesel particulate filters.  Particulate filters have been used in non-road 
applications since 1980, and started being used in automotive applications in 1996.  
Initially designed to reduce the emission of particulate matter from generators used in 
mining applications, the DPF was soon recognized as a partial solution to increasingly 
stringent emission regulations placed on passenger and commercial vehicles.  The 
performance of a DPF is characterized based on both filtration efficiency and exhaust 
backpressure increase.  As particulate matter accumulates within the filter, backpressure 
increases and hinders engine performance.  Thus, the particulate matter must be removed 
by oxidizing the carbonaceous material, also known as regenerating the DPF.  The 
complex nature of this soot accumulation and oxidation makes engineering and 
development based on fundamental physics difficult, forcing the engineer to rely heavily 
on experimental observation.  Therefore, the majority of material cited in this section 
focuses on experimental evaluation of various aspects affecting DPF performance.  
Section 2.1 describes diesel particulate filter operation including its substrate material, 
structure and possible catalyst coating.  In Section 2.2, observations in field-aged filters are 
considered.  Section 2.3 discusses various results obtained using engine bench aging.  Section 
2.4 outlines the chemical aspects with regard to both lube oils and ash.  Finally, Section 2.5 
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provides information regarding techniques for accelerating ash accumulation in which high-
mileage field-service DPF ash loading is simulated within a laboratory.   
 
2.1 Basic DPF Operation, Principles and Considerations 
 To meet increasingly stringent emissions regulations, several different 
aftertreatment devices will be required.  It is expected that a diesel particulate filters and 
lean NOx traps, in conjunction with improved engine controls, will be utilized to achieve 
desired exhaust concentrations of the target exhaust gases produced by diesel engines.  
The presence and configuration of these aftertreatment devices, as well other exhaust 
components such as oxidation catalysts, resonators and mufflers, can have significant 
implications with regard to various system performance characteristics.  For this study, 
the exhaust system consists of approximately 2 m in length of 5.7 cm-diameter exhaust 
pipe, an upstream oxidation catalyst for generating an exotherm for soot regeneration and 
conversion of NO to NO2, and the DPF. 
 The upstream diesel oxidation catalyst (DOC) is designed primarily to facilitate 
continuous regeneration of particulate matter by forming NO2 from NO and O2 present in 
the exhaust gases.  Engine bench experiments carried out by several individuals including 
Allansson et al. [31] have demonstrated that soot can be continuously oxidized at much 
lower temperatures using NO2.  For PM oxidation by O2, temperatures must be in excess 
of 550ºC, whereas oxidation using NO2 occurs at temperatures of approximately 250ºC.  
This enhanced continuous regeneration performance at lower temperatures provides a 
distinct advantage in allowing soot to be oxidized at temperatures commonly experienced 
during typical engine operation.  It is observed in experimental data shown in Figure 2.1 
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that the formation of NO2 at various temperatures shows the largest concentrations of 
NO2 are formed when exhaust gas temperatures are between 275 to 325ºC.  These 
temperatures are commonly experienced during the operation of the experiments from 
which the data originated.  Bench flow experiments carried out during the same 
investigation provide data illustrating the relative oxidation performance of NO2 and O2 , 
shown in Figure 2.2, further demonstrating the advantage of using an upstream oxidation 
catalyst. 
 In bench flow experiments carried out to investigate the oxidation performance of 
NO2 and O2 in a varijaety of conditions, Jacquot et al. [32] further demonstrated that PM 
is more readily oxidized by NO2 than O2, as observed in Figure 2.3, especially at lower 
temperatures.  Results also indicate that the presence of a fuel-borne catalyst further 
improves this oxidation performance, though no fuel-borne catalyst is used in the current 
investigation.   
 As the system is aged on the engine bench or in the field, it has been widely 
observed that the oxidation performance of the DOC is degraded due to strong 
interactions between sulfur from the fuel and lube-oil and the active platinum sites on the 
 
 





Figure 2.2:  Experimental PM oxidation as a function of exhaust gas temperature 
for NO2 and O2[31] 
 
catalyst surface.  Allansson et al. [33] demonstrated that some of this degraded 
performance could be recovered by regenerating the DOC by exposing it to temperatures 
of 450ºC for approximately 20 minutes.  In the experiment, the oxidation catalysts are 
aged at 300ºC for 100 hours.  Engine bench evaluations of NO conversion are then 
carried out both before and after this regeneration to determine the effect of the 
regeneration on oxidation performance.  As seen in Figure 2.4, significant improvement 
in NO conversion is observed immediately following the regeneration. It is widely 
documented that DOC performance is irreversibly degraded by sulfur and phosphorus 
over the life of the DOC.  For most applications, the frequency of necessary catalyst 
regenerations will be far exceeded by the number of required DPF regenerations, 
effectively maintaining oxidation performance at or near the highest levels achievable.  
Several other experiments have been conducted to further investigate the performance of 
an upstream oxidation catalyst in various exhaust gas environments, and subsequent 













Figure 2.3:  Experimental PM oxidation in the presence and absence of a fuel-borne 








Figure 2.4:  NO conversion performance for two catalysts before and after catalyst 
regeneration at 450ºC[33] 
 
 
 A portion of the PM formed will be oxidized by NO2 formed in the upstream 
catalyst during operation, though the amount of material that is continuously regenerated 
is a strong function of operating conditions.  The soot that is not immediately oxidized 
will deposit and accumulate within the DPF.  The rate of continuous regeneration and 
accumulation is difficult to quantify in real time.  England et al. have combined several 
empirical models constructed from results from various engine experiments [38].  Based 
on several pieces of data including CO and CO2 levels present in the DPF exit gases, the 
amount of soot being continuously regenerated can be approximated.  If the rate of soot 
production is known, the rate of soot accumulation can be approximated, as seen in 
Figure 2.5.  As soot accumulates within the filter, backpressure will increase.  Initially, 
the data indicates that approximately 30% of the soot is continuously regenerated, with 
the remainder of the soot depositing in the DPF.  Over time, the deposition curve 
approaches the engine-out soot curve, indicating that continuous regeneration efficiency 




Figure 2.5:  Example soot formation and deposition rate plot[38] 
 
 
that there is negligible backpressure increase, and that the change in soot deposition rate 
is a function of only the exhaust gas composition and associate continuous regeneration 
efficiency. 
The effect of soot accumulation on backpressure is a function of several 
parameters such as substrate material and particle size, and does not directly correlate 
with the amount of soot present within the DPF.  Soot loading is typically defined in 
terms of grams per liter, or grams of soot per liter of overall DPF volume.  Acceptable 
limits range from 3 grams per liter to as high as 12 grams per liter, depending on both the 
application and the effect of soot loading on backpressure [39].  Backpressure has a 
profound effect on both the rate of soot formation as well as the relative size of soot 
particles being formed [40].  Engine out soot should be minimized in order to enhance 
continuous regeneration efficiency as well as improve engine performance.  Thus, low 
backpressure drop across the DPF is a key performance consideration.   
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To maintain a relatively low engine backpressure, the filter must periodically be 
regenerated.  The configuration and application of each system will determine the normal 
operational temperatures, which in turn outline the active regeneration requirements and 
frequency based on soot accumulation rate and continuous regeneration efficiency.  To 
actively regenerate the DPF, exhaust gas temperatures must be raised in excess of 700ºC, 
typically by injecting supplemental fuel into the exhaust stream. Lee et al. [41] 
investigated the regeneration performance of a SiC DPF with different exhaust gas 
concentrations and soot loadings.  Typically, regeneration is initiated by increasing the 
engine load to raise the engine-out exhaust temperature, and supplemental fuel is added 
to the exhaust stream to further increase gas temperatures.  These results show that soot 
oxidation reactions can result in temperature excursions, as seen in Figure 2.6.  For large 
soot loadings, as well as high concentrations of O2 and NO2, these excursions may result 






Figure 2.6:  Typical DPF temperatures during regeneration[41] 
 
26 
The severity of these temperature excursions is strongly dependent on the soot 
loading, gas hourly space velocity and exhaust gas composition.  Previous investigations 
have shown that regenerating a DPF at temperatures in excess of 600ºC effectively 
oxidizes the majority of soot within the filter, with the regeneration time required varying 
based on soot loading amount and operational settings [42-45]. To avoid damaging the 
aftertreatment system, it is imperative to possess a comprehensive understanding of the 
active regeneration behavior as well as the physical limitations of the materials present. 
 Hanamura et al. [46] provide visualization of regeneration phenomena occurring 
within a DPF by using half-cylindrical DPF covered with a quartz plate, allowing several 
channels to be observed.  As seen in Figure 2.7, the inlet channels exposed to the 
incoming exhaust gas turn black as soot accumulates.  Some photographs are taken using 
flash to better illustrate the presence and location of soot, while the remaining 
photographs are captured with only ambient light and allow the observer to see the 
oxidation front.  The amount of soot loaded for this experiment is approximately 28 
grams per liter, which is a very high loading level corresponding to a backpressure 
increase of 14.5 kilopascals (~1.5 psi).  It is observed that the point of initial soot ignition 
varies as a function of inlet gas temperature.  For an inlet gas temperature of 700ºC and 
oxygen concentration of 8.5%, Figure 2.8 indicates that the soot is first ignited near the 
middle of the DPF and propagates in both the upstream and downstream direction.  
However, for a hotter inlet gas temperature of 867ºC with identical oxygen concentration 
of 8.5%, the initial ignition point is fairly close to the inlet and propagates toward the rear 
of the DPF, as shown in Figure 2.9.  In both cases, there appears to be no particulate 






Figure 2.7:  Visualization 
of soot loading in DPF as a 
function of time[46] 
Figure 2.8:  Visualization of 
regeneration with inlet gas 
temperature of 799ºC[46] 
Figure 2.9:  Visualization of 
regeneration with inlet gas 
temperature of 867ºC[46] 
 
 
experiment carried out with an inlet temperature of 658ºC and oxygen concentration of 
8.5%, there is no distinct area of brightness, i.e., a reaction zone, indicating that PM is 
consumed uniformly throughout the filter.  In all cases, DPF temperatures following the 
passage of the propagating reaction zone are approximately 800ºC.  The temperature 
excursions experienced for inlet gas temperatures of 658ºC, 799ºC and 867ºC resulting in 
temperature excursions of approximately 25 ºC, 100 ºC and 150 ºC, respectively.  Further 
experiments carried out at the same inlet gas temperatures with oxygen concentration of 
10% resulted in a temperature excursion of 300ºC for the highest inlet gas temperature, 
with temperatures exceeding 1100ºC in the middle section of the DPF approximately 60 
seconds after the initiation of regeneration, and in the rear section of the DPF 
approximately 20 seconds later.  This phenomenon underlies the importance of system 
monitoring and control both to regulate the amount of soot that accumulates prior to 
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regeneration, and to vary operating conditions in order to achieve appropriate exhaust 
temperatures and oxygen concentrations. 
 
2.2 Field Observations of DPFs and Ash 
 The primary goal of developing an accelerated testing protocol is to rapidly 
duplicate results observed in field-aged applications.  Since the current investigation is 
not intended to mimic any specific application or operating condition, a broad 
understanding of DPF behavior and results is required for the development of the desired 
protocol.    
 Kimura et al. [47] performed a study in which nine fuel deliver trucks were 
retrofitted with passive DPF systems to investigate effects engine age and lube-oil 
formulation on the rate of ash formation.  Three lube oil formulations are selected and 
compared both using data acquired during operation as well as post-experiment 
characterization of the ash.  Each system was operated for 18 months, which resulted in 
approximately 160,000 miles.  Microloggers were used to record DPF inlet gas 
temperatures as well as pressure drop across the DPF, providing valuable feedback for 
real-time control and post-experiment performance analysis.  The study shows that 
mileage and backpressure increase do not correlate well with ash accumulation, but 
instead showed that ash formation is a strong function of the age and associated mileage 
of the vehicle.  The two oldest trucks were observed to produce ash at nearly twice the 
rate of the two newest vehicles, highlighting the effect of engine wear on ash formation 
and accumulation.  Subsequent characterization of the ash material revealed that the 
primary ash constituents are CaSO4, CaO and Zn3(PO4)2.  There was good consistency 
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observed between the ash from different lube oils with regard to the relative 
concentration of the key constituents.  On average, calcium and phosphorus are present in 
the greatest amounts, as shown in Table 2.1, and the presence of iron resulting from 
engine wear is observed to vary greatly between the vehicles.  The most notable result is 
found in the total amount of lube ash formed, which was observed in some cases to vary 
drastically with lube oil formulation.  This has significant implications with regard to 
DPF service life, which will inherently vary based not only on application but also the 
relative age and performance of each engine and the formulation of the lube oil. 
Similar experiments were carried out by McGeehan et al. [48] confirmed that 
CaSO4 is the primary ash constituent, though zinc and phosphorus are also present in 
significant amounts.  Again, little difference is observed in the composition of the ash 
formed by different lube oil formulations, though the total amount of ash accumulated is 
observed to vary.  Comparisons based on differences in lube-oil formulation can be made 
in a variety of ways based on the points of interest, such as by evaluating the calcium-to- 
zinc ratio.  Even in non-road applications such as tractors and generators, studies have 
shows that ash accumulated in these filters is comprised of the same elements in 
approximately the same relative concentrations [49]. 
 Another important factor emphasized by Richards et al. [50] is the duty cycle 
incurred by the system.  Inner city applications such as transit buses and refuse trucks are 
characterized by stop-and-go operation, presenting difficulty for system monitoring and 
regeneration performance.  While PM production is not monitored, experimental data 
shows that emission levels are a strong function of vehicle speed, illustrated in Figure 



















specialized regeneration strategy that can be applied and adapt to changes in operating 
conditions is required [51,52].  
While it is impossible to develop a universal testing protocol to simulate the 
performance demands of every feasible application, the composition and distribution of 
ash appear to remain consistent across a wide spectrum of functions. It is also noted that 
there have been very few characterization results such as SEM and EPMA images 
published and made available for comparison.  These considerations will be addressed 
further in Section 2.4. 
 
2.3 Engine Bench Aging 
While field testing of aftertreatment technologies allows performance to be 
evaluated in the actual operating environment, there is an inherent lack of repeatability 
between tests.  In addition, complications with regard to the installation of equipment 
such as gas analyzers and data acquisition systems on mobile platforms pose a large 
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logistical challenge with associated increase in cost.  Thus, engine bench testing using a 
dynamometer to control engine load has been widely used to evaluate aftertreatment 
devices such as the DPF in controlled environment and under repeatable conditions. 
In order to evaluate the performance parameter of interest, a repeatable testing 
protocol must be developed and implemented such that the operational parameters 
provide consistent exhaust conditions with minimal variation between experiments.  With 
regard to DPF testing, factors such as soot loading, backpressure, regeneration strategy 
and ash accumulation are all key factors in developing a testing protocol. 
Target soot loadings depend on what aspect of DPF performance to be evaluated.  
Relatively low soot loadings of approximately 2 grams per liter are typically used for 
investigating oxidation kinetics, while larger soot loadings as high as 20 grams per liter 
are utilized to evaluate soot loading limits with respect to backpressure thresholds and 
potential temperature excursions resulting from rapid uncontrolled oxidation [53-60].  
Schaefer-Sindlinger et al. evaluated the pressure drop associated with various soot  
 
 
Figure 2.11:  Exhaust backpressure vs. soot loading[53] 
 
33 
loadings in both a cordierite and silicon carbide DPF, shown in Figure 2.11 [53].   While 
baseline backpressure for the two filters is nearly identical in the absence of soot, there is 
a clear difference in backpressure as soot accumulates, indicating a difference in the way 
soot accumulates within the DPF. 
In order to understand the effect of soot accumulation on backpressure, the 
distribution and morphology of the soot layer must be examined.  The filtration efficiency 
of typical DPF substrates is on the order of 99.9%, though the differing channel wall 
morphology results not only different ash layer morphology, but can also allow PM to 
penetrate the channel wall to various depths [53, 61-65].  Photographs taken of a 
cordierite DPF with a low soot loading level, shown in Figure 2.12, show PM penetration 
as far as halfway through the channel wall.  This penetration has clear implications with 
regard to backpressure, even though the effect of soot penetration is not directly 
evaluated in any investigations found in research. 
Another aspect of soot loading is its effect on temperature excursions experienced 




Figure 2.12:  Photographs of soot layer in a cordierite substrate[53] 
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during active regeneration.  While the operating conditions and regeneration strategy 
have the substantial effect on regeneration temperature profiles, large soot excursions.  
Regeneration strategies are typically defined by the prescribed temperature profiles that 
are applied as a function of time. Zhan et al. [54] demonstrated the effect of temperature 
ramping rate on peak temperatures experienced by the cordierite DPFs with soot loadings 
of 8 g per liter, shown in Figure 2.13.  The data shows good correlation between this 
ramping rate and the peak DPF temperatures, indicating that lower temperature ramping 
rates are less likely to produce uncontrolled regenerations and associated temperature 
excursions.    
As mentioned earlier in this chapter, the configuration of the aftertreatment 
system has perhaps the most profound effect on system performance.  The addition of 
upstream oxidation catalysts facilitates the formation of NO2 for continuous regeneration, 
while catalyzing the DPF substrate itself also improves regeneration performance.  
Hiranuma et al. [55] performed several engine bench experiments to evaluate the 
relative performance of different combinations of these technologies.  The investigation 
focused on the oxidation rate of PM, shown in Figure 2.14 and the continuous 
 
 
Figure 2.13:  Peak temperature experiences during regeneration vs. DPF 
temperature ramping rate[54] 
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 regeneration operation regions, shown in Figure 2.15, within different system 
configurations.  Results indicate that the use of an upstream catalyst in addition to a 
catalyzed DPF yields the highest PM oxidation rate for the given operating conditions. 
Other studies have indicated that the addition of the upstream DOC has the most 
significant impact on regeneration efficiency [56, 57, 59, 60]. 
 Engine bench testing allows the investigator to effectively evaluate aftertreatment 
devices such as DPFs in a controlled environment, improving repeatability and 
eliminating complications associated with mobile analytical platforms.  The engines used 
for testing can be either those actually used in the desired application, or an appropriate 
surrogate engine capable of providing comparable exhaust conditions.  While field-aged 
results remain essential as a basis for comparison, engine bench testing has proven a 
valuable tool for the research and development of all aftertreatment technologies. 
 
2.4 Lube Oil and Ash Analysis  






Figure 2.14:  PM oxidation rate vs. gas 
temperature for different DPF and DOC 
configurations[55] 
Figure 2.15:  Engine setting regions 
facilitating continuous regeneration for 




DPF provides valuable information, allowing for the calculation of ash formation rate and 
ash recovery efficiency.  Several recent studies have been conducted to identify the 
primary ash constituents in various lube oil formulations, and evaluate the elemental 
contribution to the total ash accumulation [11, 23,24]. Bardasz et al. have demonstrated 
fairly linear relationships between ash accumulation and engine oil consumption, shown 
in Figure 2.16, for various lube oil formations [26].  Variations in the ash masses are 
attributed to several causes including residual PM resulting from incomplete 
regeneration, as well as the resolution of the scale used to determine the total DPF can 
mass.   
Investigations carried out by Givens et al. examined the compositions of eight 
lube oil formations, quantifying the concentrations of specific elements such as calcium, 
zinc, sulfur and phosphorus, as well as sulfated ash, shown in Table 2.2  [27].  By 
measuring the amount of oil consumed during each experiment, the ash recovery 
efficiency can be calculated.  It is also noted in the same investigation that the relative 
concentrations of ash-forming metals such as calcium, magnesium and zinc are higher in  
 
 
Figure 2.16:  DPF ash accumulation as a function of oil consumption[26] 
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the used oil drained from the engine than in the fresh oil.  The lighter hydrocarbon 
constituents of the fresh lube oil are more easily volatilized in the cylinder, resulting in 
increased metal concentrations in the lube oil drained from the engine and lower metal 
concentrations in the DPF.  Thus, ash recovery cannot be calculated solely by using the 
metal concentrations in the fresh oil and the mass of lube oil consumed, but must instead 
use the metal concentrations observed in the oil drained from the engine following the 
experiment.  
 Predicting ash formation and calculating ash recovery are important factors in 
determining optimal lube oil formulations.  While ICP analysis can be used to quantify 
the presence of the elements of interest, XRD analysis can be used to identify the 
compounds present in the ash.  The identification of these compounds is useful for 
comparison between ash resulting from normal lube oil consumption and ash formed as 
the result of accelerated lube oil consumption.  Analysis performed by Givens et al. 
identified several possible compounds for each lube-oil, presented in Table 2.3, including 
CaSO4, and oxides of iron, which have been identified in previous investigations [23, 27, 
 
 





















28].  The relatively low concentration of sulfur in the lube oil indicates that a significant 
amout of ash sulfur originates from the fuel.  Variations in oil formulation, engine 
operation and operating environment can have a significant impact on the compounds 
formed and the relative amounts of each.  
 Analysis performed by Nemoto et al. utilized the quantification of Ca 
concentration at specific points in the center of an ash-loaded DPF to demonstrate the 
distribution of ash along the length of the DPF [28].  It is observed that the ash 
distribution produced by two low-ash lube oils is more axially uniform compared to the 
ash distribution resulting from the use of standard DH-1 class oil, as seen in Figure 2.17.  
XRD and XPS analyses were then used to approximate the relative concentrations of the 
primary compounds present.  This information is once again useful for the comparison of 
ash formed during normal engine operation and ash formed utilizing accelerated lube oil 




Table 2.4:  Estimated components of oil 
derived ash for three lube oil 
formulations[28] 
 
Figure 2.17:  Ash distribution along the 
length an ash-loaded DPF for three lube 




 While understanding the chemical composition of lube oils, soot and ash is very 
important to the performance evaluation of engines, lubricants and aftertreatment 
products, it is also necessary to determine the morphological characteristics of the soot 
produced by the engine as the residual ash.  The size and shape of the soot and ash 
particles have significant implications with regard to the backpressure increase associated 
with the accumulation of soot on the channel walls during loading as well as the 
accumulation of residual ash over the usable life of the DPF. Nord et al. examined soot 
particles produced by a diesel engine running at 50% load, shown Figures 2.18 and 2.19 
[29].  The particles appear to be chain-like agglomerates, and Raman spectroscopy 
indicates that the agglomerates consist primarily of carbon.  Although dependent on 
engine operating conditions, the amount of carbon present in the soot far outweighs the 
amount of ash material, making it difficult to observe ash material prior to regeneration.  
Thus, ash it typically analyzed once a fairly large amount has accumulated and the DPF is 
completely regenerated. 
 In addition to quantifying ash-forming elements in lube oils and identifying 
compounds present in ash material, Givens et al. also observed the ash layer in a DPF 
using scanning electron microscopy, shown in Figure 2.20 [27].  It is noted that the 
experimental ash loading of approximately 7.2 grams did not produce an ash layer thick 
enough to be susceptible to ash breakaway, but did produce a layer that completely 
covers the channel wall.  The ash layer that forms is the result of a soot layers being 
repeatedly formed and regenerated, leaving the non carbonaceous material in a porous 
layer. Results indicate that the presence of a soot layer has a greater impact on engine 




Figure 2.18:  SEM image of soot 
particles (10K X)[29] 
Figure 2.19:  SEM image of soot 
particles (100K X) [29] 
 
 
approximately 3 g per liter were observed to result in a backpressure increase comparable 
to an ash accumulation in excess of 20 grams per liter [53, 56, 58].   
 Further analysis carried out by Givens et al. provides detailed information 
regarding the formation of the ash layer in a cordierite substrate [27].  Optical 
observations show an ash layer that increases in thickness along the length of the DPF 
channel from front to rear, regardless of lube oil formulation, as shown in Figure 2.21. 
The low ash lube oil formulations clearly produce less ash, resulting in thin ash layers.  
The ash layers formed using the two low-ash oils are relatively thin compared to the 
sample aged using the reference oil.  Observation of ash accumulation in the rearmost 
section of the DPF shows some channels are completely plugged with ash produced by 
the reference oil, while the low-ash oils produced a thin layer with no observable 
breakaway and plugging.  This trend is consistent with all results found in similar 
experiments [25-29]. 
 Analysis of elemental maps for calcium deposits in these DPFs under high 




Figure 2.20:  SEM of ash layer on channel wall of a SiC DPF[27] 
 
 
two low-ash oil formulations, shown in Figures 2.22 and 2.23.  The backscatter images 
and elemental maps show a thicker ash layer for oil formulation A, while the distribution 
and relative intensities of the elements are approximately equal between the two 
formulations.  Calcium and sulfur are again shown to be present in relatively large 
quantities, while zinc, phosphorus and iron are present in small but detectable quantities. 
Upon examining the ash-substrate interface under higher magnification, shown in Figure 
2.24, it can be seen that there is minimal penetration of ash material into the channel wall, 
and it is likely that the material present in the wall is the result of contamination during 
sample preparation.  This suggests that the ash agglomerates that break away from the 
ash layer are larger than the substrate pores, resulting in highly efficient ash recovery. 
 It has been shown that by determining the composition of the lube oil being used, 
one can roughly predict the amount of ash that will be produced.  Experiments have 
demonstrated good agreement between oil consumption and ash formation, though 
volumetric consumption of lube oil does not directly correlate with the presence of ash 
forming metals in the DPF.  Variations in lube oil formulations have been observed to 






Figure 2.21:  Optical microscope analysis of ash layer at various  







Figure 2.22:  EPMA elemental maps of 
ash layer in a cordierite substrate aged 
with a low-ash lube oil A (200X)[28] 
Figure 2.23:  EPMA elemental maps of 
ash layer in a cordierite substrate aged 




Figure 2.24:  EPMA backscatter image and elemental map showing  
calcium in the ash layer of a cordierite substrate (1000X)[28] 
 
 
distributed throughout the filter.  Perhaps most importantly, the ash layer has been shown 
to be fairly porous and that ash itself to be more dense than soot..  Thus, the backpressure 
increase resulting from ash accumulation is much lower than that associated with soot 
loading when compared on a grams per liter basis.  However, ash accumulation within 
the DPF and subsequent backpressure increase still remains an important factor in 
determining the usable life of the system. 
 
2.5 Accelerated Ash Loading  
 Exhaust aftertreatment systems being developed to fulfill increasingly stringent 
emissions requirements must be able to perform effectively over a lengthy life cycle with 
minimal maintenance.  The most prominent complication affecting the life cycle of a 
DPF is the accumulation of residual ash, resulting in decreased filtration volume, 
increased engine backpressure and associated fuel penalty.  As mentioned in the previous 
sections, ongoing research and development of low ash lube-oils have shown progress in 
minimizing the amount of ash formed and accumulated within the DPF.   The difficulty 
in evaluating the performance of these lube-oils as well as aftertreatment technologies 
over the desired length of time is quite simply the time and expense involved.  Many 
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aftertreatment devices are required to perform for mileages in excess 100,000 miles, with 
some intended to function beyond 435,000 miles.  Since it is not feasible to evaluate 
these products for the desired mileage via on-road experiments, engine bench testing has 
been employed to simulate these driving distances by replicating the desired operating 
conditions.  The use of engine bench testing produces repeatable conditions that allow for 
direct performance comparisons between different devices and products.  While this 
enables the experiments to be carried out in controlled environments while being 
monitored with more sophisticated equipment, the issue of required test time is a problem 
for evaluating multiple systems.  For evaluating DPF technologies, increasing the rate of 
ash formation significantly decreases the required length of the experiment.  However, 
special care must to taken to ensure that the characteristics of the ash formed via these 
accelerated methods compares favorably to ash formed by conventional lube oil 
consumption. 
 There are several methods by which lube oil consumption can be increased during 
an engine bench experiment.  Investigations carried out by Stetter et al [30] mention 
several means by which oil is naturally consumed by the engine and describes ways to 
increase that consumption intentionally.  These consumption mechanisms, illustrated in 
Figure 2.25, include blow-by gases that are reintroduced to the working volume during 
the intake stroke by the PCV system, leakage past the valve stem seals, leakage past the 
piston rings, and leakage from the turbocharger.  Of these, only the leakage past the valve 
stem seals and piston rings were examined in the course of the investigation.  Results 
indicate that natural lube oil consumption is a strong function of operating conditions, 




Figure 2.25:  Schematic of accelerated 
lube oil consumption mechanisms  
(1:  PCV Blow-by, 2:  Valve seal leakage, 
3:  Leakage past piston rings)[30] 
Figure 2.26:  Lube oil consumption 
calculation based on calcium and zinc[30] 
 
 
translates to approximately 7 to 50 grams per hour for the 2333 cc engine used in the 
investigation.  It is also noted that the consumption of lubricating oil had no apparent 
effect on particulate size distributions. 
 Another method for accelerating the consumption of lube oil was studied by 
Manni et al., in which oil was injected into the air intake manifold [66].  This allows for 
precise control of the amount of additional oil being consumed, while natural oil 
consumption is monitored separately.  The age of the engine was shown to have a 
significant impact on the amount of oil naturally consumed by the engine.  Data recorded 
over three experiments, shown in Figure 2.27, shows a significant variation in oil 
consumption between tests carried out on engines of varying age, though increasing age 
did not consistently result in increased oil consumption.  The correlation between oil 
consumption and DPF weight increase, however, demonstrated excellent correlation for 




Figure 2.27:  DPF weight increase as a function of oil consumption during 120-hour 
test for 3 engines of different ages[66] 
 
 Manni et al also observed that natural oil consumption varied considerably over 
the course of a single experiment, as shown in Figure 2.28, demonstrating a complication 
with regard to the real-time monitoring of lube oil.  However, by artificially increasing 
the amount of oil being consumed, these variations may become smaller in magnitude 
relative to overall oil consumption depending on the rate of artificial oil consumption.  In 
that experiment, the rate of oil consumption is slightly more than doubled. 
 Characterization of the aged DPF was carried out to determine the morphology 
and composition of the ash layer.  Images acquired using SEM, shown in Figure 2.29, 
show a fairly dense ash layer of consistent thickness within the region being observed.  
There is also a layer of organic material observed on top of the ash layer, which is the 








of the ash using XRD again revealed the presence of calcium sulfate and zinc phosphates. 
 Experiments carried out by Sutton et al. examined the rate of ash formation by 
blending lube-oil with the fuel as the acceleration method [67].  Excellent correlation 
between ash formation and lube oil consumption on a mass basis was once again 
observed, shown in Figure 2.30, as well as associated increases in backpressure.  Overall, 
the results indicated that this method of accelerating lube-oil consumption provides 
results that are comparable in morphology and composition to field-aged substrates.  
Thus, it is believed that this approach provides a valid method of accelerated oil 
consumption. 
 Sutton et al. also discussed two significant issues regarding the validity of using  





















introduced to a different part of the combustion process, being combusted in the diffusion 
part of the flame rather than in the air-rich regions along the cylinder wall.  Second, 
disturbances in the chemical structure of the lubricant can form partially suspended 
sludges of metallic components, which may not burn normally.   
 SEM photos of two substrates, shown in Figure 2.31, provide a method of 
comparison to evaluate the effects of accelerated lube-oil consumption.  The first 
substrate is aged for 1118 hours using standard fuel, while the second is aged for only 
165 hours using fuel doped with lube-oil.  Both ash layers appear visually similar with 
regard to density, though the 1118-hour ash appears to be more porous.  The white spots 
observed in both ash layers represent areas that are very rich in ash metals such as 
calcium and zinc.  Overall, this method is believed to produce acceptable results. 
A simpler way of introducing additional oil to the combustion process is by doping the 
diesel fuel itself with a predetermined amount of lube oil by volume.  Experiments 
conducted by Bardasz et al. demonstrated the results of fuel doping by adding 0.2 percent 
by weight of oil to the fuel [68].  The effects of this increased oil consumption are 
immediately visible in the experimental data, shown in Figure 2.32, where backpressures  
experienced for cases in which doped fuel was used nearly doubled that observed for 
non-doped fuel in only 10 hours and forcing the experiments to be concluded earlier than 
the one in which non-doped fuel was used. 
 Analysis of the ash layers for the three experiments using scanning electron 
microscopy reveals that the ash layer formed by the high ash oil with doping is 
significantly denser than other two layers, as shown in Figure 2.33, which explains the 




Figure 2.31:  DPF weight increase versus lube oil consumption using oil misting[67] 
 
 
accumulating within the DPF is responsible for these variations in ash layer density. 
 Several methods of accelerating the consumption of lube oil have been discussed.  
It is understood that every method of artificially increasing oil consumption represents a 
movement away from natural oil consumption, and will be accompanied by associated 
variations in results.  The extent of these variations is dependent not only on the method 
being used, but also the extent to which the oil consumption rate is being increased.  Ash 
layers formed during experiments employing accelerated oil consumption protocols 
produced ash layers that were comparable in thickness to samples aged by only natural 
oil consumption.  However, the ash layers formed using these accelerated protocols 
consistently produced ash layers that are visibly less porous, resulting in the increased 
backpressures observed in experimental data.  Based on these results, doping the fuel 
with a predetermined amount of oil by volume appears to be the simplest method of 
accelerating oil consumption.  Characterization results confirm the validity of this 
method, though a more comprehensive characterization study would be useful to compare 




Figure 2.32:  Backpressure increase as a function of time for experiments using 











EXPERIMENTAL APPARATUS AND PROCEDURES 
 
 This chapter outlines the experimental apparatus used, the properties of each 
DOC-DPF combination investigated, as well as the engine operating envelope for 
accurately simulating full-scale experimental and real-world conditions.  A description of 
surface characterization techniques is also provided.  Section 3.1 offers an overview of 
the engine bench used for accelerated ash loading.  Section 3.2 outlines the operation 
procedures for the engine including start-up as well as the soot loading and active 
regeneration strategies.  The geometric, mechanical, chemical and thermal properties for 
each DPF and the upstream oxidation catalyst used in the present investigation are given 
in Section 3.3.  Finally, Section 3.4 provides an in-depth overview of the various 
characterization techniques employed throughout this study. 
 
3.1 Engine Bench for Accelerated Ash Loading 
3.1.1 Overall Description of Accelerated Ash Loading Engine Bench System 
 The small engine bench used for these experiments is located at the Oak Ridge 
National Laboratory within the Fuels, Engines and Emissions Research Center.  The 
engine bench is very similar to that described by Bunting et al [69] and had previously 
been used by Eaton [19] to investigate the effects of accelerated poisoning of diesel 
oxidation catalysts using zinc dialkyldithiophosphate (ZDDP). A schematic of the rapid 
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aging engine bench is shown in Figure 3.1.  The engine bench is comprised of three 
primary components:  a bench-mounted single-cylinder diesel engine, an electric motor 
with variable frequency drive, and a modular exhaust system.  The Hatz diesel engine and 
Baldor electric drive motor are bolted to the same bench and connected via a flexible 
shaft coupling.  The bench is isolated from the control room by a wall with acoustically-
sealed doors and windows.  The engine test chamber itself is outfitted with both forced 
circulating fresh air and vacuum exhaust system.  The engine has a displacement of 517 
cc and was selected to minimize operating and maintenance expenses, and to allow the 




T1 Inlet Air T7 DPF Front (0.5”) 
T2 Oil sump T8 DPF Mid (3.0”) 
T3 Exhaust Manifold T9 DPF Rear (5.5”) 
T4 DOC Inlet P1 Oil Pressure 
T5 DOC Exit / DPF Inlet P2 Exhaust Pressure 
T6 DPF Exit 
 
Figure 3.1:  Schematic of the RPEB System 
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 The DPFs and DOCs used in this study represent the various substrate materials 
which are currently in use or will be commercially available for heavy-duty and light-
duty engine applications in the future.  A full-size diesel particulate filter typically has a 
diameter ranging from 15 to 32 cm, with lengths from 15 to 40 cm.  The length of a 
single DPF channel is often several orders of magnitude larger than the cell inlet width.  
For this study, DPFs are 7.62 cm in diameter and 15.24 cm in length.  The upstream 
oxidation catalysts used in all experiments are 5.08 cm in diameter, with length ranging 
from 7.62 cm to 15.24 cm.  Of particular interest with respect to this geometry is the 
accurate scaling of gas hourly space velocity, which has direct impact on engine 
backpressure, soot oxidation, and heat transfer between the filter and the exhaust gas. 
 Throughout the investigation, BP-15 ultra-low sulfur fuels ranging from 3 to 15 
ppm sulfur are used in an attempt to minimize catalyst poisoning and subsequent 
degradation of catalyst performance.  The fuel is doped with 5% by volume standard 
15w-40 Shell Rotella motor oil, thus accelerating the consumption of lube oil and 
resulting in an accelerated ash loading on the filter walls.  
 The engine is operated at a constant speed of 1500 RPM with engine load 
controlled by a servo-motor linked to the engine’s governor and controlled by an analog 
feedback system; a potentiometer with numeric dial is located in the control room and 
used to vary the servo-motor position.  This allows for precise and repeatable control of 
engine operating conditions, namely, exhaust temperature.  A photograph of the rapid 






Figure 3.2:  Photograph of the rapid aging engine bench with system components 
 
 
 Exhaust gas temperatures are measured at four different locations along the 
modular exhaust system using type-K thermocouples.  The first thermocouple is located 
approximately 0.3 m from the engine exhaust manifold and measures the engine-out 
exhaust temperature.  The second thermocouple located approximately 15 cm upstream 
of the DOC is used to monitor the temperature of gas entering the DOC.  The third and 
fourth thermocouples located approximately 1 cm upstream and downstream of the DPF 
are used to measure the DPF inlet gas temperatures, as well as verify post-injection and 
DOC performance during regeneration and the DPF exit gas temperature, respectively. 
 Three thermocouples are positioned inside the DPF to monitor the temperature of 
the substrate.  The thermocouples are inserted from the rear of the DPF and positioned 
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axially within the exit channels at locations 1.27, 7.62 and 13.97 cm from the filter inlet 
along the center axis. These thermocouples are used to determine the temperature  
profile along the length of the filter, as well as for the detection of exotherms during 
active regeneration. 
 Two pressure transducers located near the exhaust manifold are used to measure 
engine backpressure resulting from losses through the system as well as PM and ash 
accumulation within the filter.  One transducer measures absolute pressure while the 
other measures gage pressure, providing redundancy and a method of verifying proper 
instrument performance.  Since the pressure at the DPF exit is atmospheric, the pressure 
drop across the system can be measured by measuring only the exhaust backpressure. 
 The modular test section is installed approximately 2.0 m from the engine exhaust 
manifold.  The DOC is mounted in a 5.08 cm-diameter pipe using a vermiculite-coated 
ceramic fiber matt placed between the DOC and the pipe walls.  The matting serves as 
insulation, prevents gas slip and providing a buffer for protection against breakage due to 
thermal expansion.  The DPF is mounted in a 7.62 cm-diameter pipe using matting 
similar to that used with the DOC.  A backing plate with an inside diameter of 7 cm is 
installed at the rear of the DPF pipe to prevent the filter from being driven out of the pipe 
by the exhaust pressure.  The DPF is mounted 10.16 cm downstream of the DOC. 
 Accelerated ash loading is achieved by introducing lube oil into the system at a 
rate several orders of magnitude faster than seen with normal engine wear.  A total of 57 
liters of fuel is mixed with 3 liters of lube oil resulting in a fuel doping of 5% by volume.  
The oil is then injected into the combustion chamber with the fuel, burned and expelled 
through the exhaust manifold.  The resulting exhaust gas and material then encounter the 
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aftertreatment section, passing through the DOC to the DPF where PM and ash particles 
are trapped.  Due to the introduction of relatively high volumes of lube oil into the 
combustion chamber, the fuel injector is removed and cleaned daily to prevent ash 
buildup and the associated hindrance of fuel distribution within the cylinder. 
 
3.1.2 Diesel Engine 
 The engine selected for the test bench is a naturally aspirated, direct-injection 
(NA/DI) Hatz diesel engine, shown in Figure 3.3.  With a displacement of 517 cc, this 
single-cylinder engine produces 7.0 kW at 2700 RPM.  The electricd drive motor is used 
to start and maintain the engine at a constant speed of 1500 RPM during operation, 
producing a near-constant gas hourly space velocity (GHSV) of 80,000 hr-1 through the 
aftertreatment system.  Standard BP-15 low sulfur diesel fuel is used to minimize the 
impact of fuel-derived sulfur on catalyst performance.  
3.1.3 Drive Motor 
 The induction motor is used to start the Hatz diesel engine and maintain engine 
speed while load is varied by adjusting fuel flow.  The drive motor is capable of 
delivering/absorbing 15 hp at 1765 RPM with a maximum speed of 4000 RPM.  The 
motor is controlled by a Baldor Vector drive variable frequency conversion unit that is 
programmable to maintain either constant torque or constant RPM while motoring the 
engine.  During DPF accelerated ash loading tests, the motor is set to maintain a constant 
speed of 1500 RPM while enabling the engine to operate under various loads to achieve 
desired exhaust conditions.  A photograph of the drive motor assembly is shown in 








































3.1.4 Engine Load Controller 
 The amount of fuel injected into the combustion chamber is regulated using an 
external controller.  The controller consists of a Honeywell Process Solutions Herculine 
2000 series rotary actuator, and is controlled via LabView.  An Omega CCT-01-0/10V 
DIN rail signal conditioner is used to convert the 0-10 VDC LabView output signal to a 
4-20 mA signal that is sent to the actuator.  The system is calibrated to provide repeatable 
engine operating points by adjusting the LabView control to predetermined settings.  A 
picture of the actuator and linkage is shown in Figure 3.5.  The governor of the engine is 
intact and provides protection for the system in the even of drive motor failure during 








3.1.5 Post-Injection System 
 A five-way union used to inject supplemental fuel for active regeneration is 
installed approximately 0.3 m downstream of the exhaust manifold, and can be seen in 
Figure 3.6.   Fuel is pumped through a 1/16” stainless steel tube into the fitting using an 
FMI Lab Pump Model RHV pump controlled by an FMI V200 Stroke Rate Controller, 
allowing for precise and repeatable fuel injection rates.  The fuel is atomized using a 1/4” 
cartridge heater and swept into the exhaust stream by supplemental air.  An anti-
blowback chamber has been installed to prevent fuel from being pushed back into the air 
line by the backpressure spike that occurs with each engine exhaust stroke.  Heater 
cartridge temperatures are monitored with a type-K thermocouple and maintained at 
approximately 550ºC using an external temperature controller.  The pump, supplemental 
fuel tank and temperature controller can be seen in Figure 3.7, whereas the fuel pump 
control panel in Figure 3.8. 
 
3.1.6 Instrumentation and Display 
Three pressure transducers are used to monitor system performance and detect 
potential problems. An Omega Model PX61 pressure transducer mounted on the engine 
block is used to measure engine lube-oil pressure.  The remaining two pressure 
transducers, Omega Models PX61 and PX177, are located approximately 0.3 meters 
downstream of the exhaust manifold and used to measure absolute and gage exhaust 
backpressures, respectively.  The transducers located in the exhaust pipe are crucial in the 
















































Figure 3.8:  Photograph of the supplemental fuel injection control panel 
 
 
Nine Omega type-K thermocouples are installed throughout the system to measure 
temperatures of the ambient air, oil sump and exhaust system.  Two 
thermocouples, located within the intake manifold and the oil pan, are used only to 
monitor engine performance and detect problems during operation.  Four thermocouples 
are used to measure exhaust gas temperatures at specific locations within the exhaust pipe 
and test sections.  The first is located approximately 0.3 m from the engine exhaust 
manifold to monitor engine-out exhaust temperature and verify repeatability of fuel 
regulator set points.  The remaining three thermocouples are positioned 7.62 cm upstream 
of the DOC, 2.54 cm upstream of the DPF inlet and 1.0 cm from the DPF exit.  The 
temperature of the DPF substrate is monitored at three different locations using 0.5 mm-
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diameter thermocouples positioned along the center axis at locations 1.27, 7.62 and 14.0 
cm from the filter. 
 
3.1.7 Data Acquisition System 
 The data acquisition system (DAQ) is used to monitor and store data recorded 
during engine bench experiments.  The DAQ is capable of acquiring voltage and current 
signals listed in Table 3.1.  The primary components of the DAQ include a PC with 
LabVIEW 8.2 installed, data acquisition boards, terminal blocks, patch cables, panels and 
adapters.  An instrumentation cabinet within the test cell supplies electrical power to the 
pressure transducers and measures voltage signals from the thermocouples and pressure 
transducers.  Each instrument is connected to a terminal block where the analog signals  
 
 




are then converted to digital signals by a National Instruments cFP-2120 Compact 
FieldPoint controller.  This is represented by the schematic shown in Figure 3.9.  This 
digital feed is then connected to the building local area network (LAN) via a CAT-6 
ethernet cable and is accessible by any computer with the associated LabVIEW 
executable. 
 The LabVIEW program used for acquiring and storing data from the Compact 
FieldPoint controller is called “User Interface2,” and uses a tab system to switch between 
the data saving routine page and the real-time customizable charts.  Figure 3.10 shows a 
screen capture of the “Data Monitoring” tab.  This tab displays system data in numerical 
form, as well as allows the user to calibrate channels, vary data saving parameters and  
 
 










Figure 3.11:  LabVIEW user interface “Time-Elapsed Graphs” tab 
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add mode comments.  Figure 3.11 shows a screen capture of the “Time-Elapsed Graphs” 
tab, which allows the user to select and monitor system performance with four charts 
customizable with drop-down menus. 
 
3.2 Engine Operating Procedures and Strategies 
3.2.1 Engine Start-up Procedure 
 The start-up procedure begins with a visual safety inspection of the engine bench 
and surrounding environment.  All electrical and mechanical equipment is examined to 
ensure proper connections.  Engine oil level is checked, the fuel tank is filled and fuel 
level is recorded.  Thermocouple placements and connections are verified, both to make 
certain accurate data is taken, and to eliminate any leaks from loose thermocouple 
fittings.  Once these inspections are complete, the overhead exhaust fans and ventilation 
supply air are turned on.  In the control room, the data acquisition program “Hatz User 
Interface2” is opened on the PC and begins to monitor all measurement devices.  A visual 
inspection of the program interface confirms that all instrumentation in the test cell is 
connected and displaying the correct sensor information. 
 Before starting the engine, the power relay switch on the power supply console is 
switched on, initializing power to the drive motor controller.  The drive motor’s control 
computer required approximately 5 seconds to perform a self-diagnostic then indicates 
“READY” when it has completed and it is safe to turn on the drive motor.  On the drive 
motor control console, shown in Figure 3.12, the controller switch is verified as being in 
the “VELOCITY” position, thereby designating a constant speed to be maintained by the 




Figure 3.12:  Photograph of the drive motor power and control units 
 
 
corresponds to an engine speed of 1500 RPM.  The drive motor is started by setting the 
control ON/OFF switch at the top of the console to “ON.”  Once the engine achieves 
1500 RPM, the load controller is set to provide an approximate exhaust temperature of 
450°C.  This load setting is maintained throughout the experiment. 
3.2.2 DPF PM Loading 
 The goal of a soot loading cycle is to deposit approximately 2 grams of soot (~3 
grams/liter) on the walls of the DPF.  Two protocols for soot loading are investigated.  In 
the first protocol, a backpressure threshold was chosen based on initial performance and 
used for several subsequent cycles.  Once the post-regeneration backpressure fails to 
decrease below this baseline, a new threshold is defined by adding 0.25 psig to the 
previous value.  However, it was discovered early on that this first protocol produced 
inconsistent soot loading amounts as residual ash builds up within the filter.  A second 
protocol was then developed that required a baseline backpressure to be recorded for each 
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individual loading cycle, and a backpressure threshold is defined by adding a 
predetermined value to the baseline.  In both cases, as the backpressure increases, the rate 
of soot production by the engine also increases.  Thus, as residual ash continuously 
accumulates within the filter, loading cycle times become shorter and shorter.  It is also 
known that using lube oil-doped fuel in the engine produces heavier soot, resulting in 
shorter loading times and subsequently faster backpressure increases throughout the 
experiment. 
 
3.2.3 DPF Forced Regeneration 
 Once the DPF has been loaded with the desired amount of soot, this soot must be 
removed by actively regenerating the filter.  This is achieved by increasing filter 
temperatures using supplemental fuel injected into the exhaust upstream of the DOC.  
The fuel flow rates are calibrated and adjusted to provide specific filter temperatures for 
specific periods of time.  An entire regeneration cycle lasts a total of thirty minutes.  For 
the first five minutes, the fuel flow rate is set such that the temperature of the substrate at 
the inlet of the DPF does not to exceed 550°C, as to avoid initiating an uncontrolled 
regeneration during which soot oxidizes rapidly, often resulting in temperature 
excursions in excess of 1200°C.  These extreme temperatures can damage most substrates 
as well as degrade catalyst performance, and should thus be avoided. 
 Filter temperatures are constantly monitored and fuel flow rates are adjusted 
every five minutes if needed.  Temperature gradients are clearly visible along the length 
of the DPF, resulting from soot oxidation and fuel that passes through the DOC.  Fuel 
injection rates are increased incrementally such that the temperature does not exceed  
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725°C at any location.  A list of pump settings and flow rates can be found in Table 3.2.  
This protocol has proven very effective in removing particulate matter from the filter, 
leaving only the residual ash.  Backpressures following regeneration have been observed 
to return approximately to the initial baseline from the previous loading cycle.  There is 
typically a small and consistent increase in baseline backpressure with each successive 
cycle resulting from the continuous accumulation of ash, which confirms both 
regeneration efficiency and repeatability. 
 
3.3 Experimental Filters and Upstream Catalysts 
 The DPFs and DOCs used in the present investigation are commercially available 
types and are found on a wide range of vehicle applications.  The DPF is positioned at the 
end of the test section and it used to filter all material entrained within the exhaust gas.  
 
73 




Substrates with different platinum group metal (PGM) catalyst loadings are evaluated to 
investigate the effect of ash on DPF catalyst activity.  This material consists both of 
particulate matter and ash products resulting from the oil-doped fuel and normal engine 
oil consumption.  The DOC is positioned immediately upstream of the DPF and is 
primarily used to convert NO to NO2, which has been shown to effectively oxidize PM at 
temperatures as low as 250°C.  A description of the DPFs and DOC used in this 
experiment can be found in Table 3.3. 
 
3.4 Characterization Techniques 
 Surface and analytical chemical characterization techniques are employed in this 
study in order to examine the morphology and composition of the ash accumulated within 
the filters.  Results from these studies can be compared both to other engine bench 
studies, as well as field-aged filters.  Each characterization technique used in this study is 
outlined in its theory of operation, equipment and instrumentation, and sample 
preparation.  A brief discussion of qualitative and quantitative information that can be 
obtained from each is also provided.  In Section 3.3.1, Electron Probe Microanalysis 
(EPMA) is discussed.  Section 3.3.2 contains information on Scanning Electron 
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Microscopy (SEM).  Scanning electron microscopy is detailed in Section 3.3.3.  Finally, 
X-ray Diffraction (XRD) and Inductively Coupled Plasma - Atomic Emission 
Spectroscopy (ICP-AES) are described in Sections 3.3.4 and 3.3.5, respectively. 
 
3.4.1 Electron Probe Microanalysis 
Electron Probe Microanalysis (EPMA) is used to characterize DPF and DOC 
materials, providing both elemental and spatial information.  EPMA data is acquired by 
collecting and analyzing X-rays emitted from a sample when probed by a high-energy 
electron beam.  The X-ray detectors and sophisticated accompanying software packages 
determine which elements are present based on the photoelectrons emitted and the 
location on the surface from which they originated.  
A finely-focused beam of electrons from an electron gun impinges upon the 
surface of the sample an Ultra-High Vacuum (UHV) chamber.  The electron collisions 
impart energy to the electrons of the sample atoms, inducing an energized state.  As a 
result, energy is released in the form of X-ray radiation—a high-energy photon—during 
the electron relaxation process when the electrons “jump” back to a lower energy state.  
The amount of X-ray energy released during this relaxation process is identical to the 
amount of energy consumed during the excitation process.  Thus, since each element has 
a unique set of energy states, elements can be identified by comparing the X-rays 
produced.   
A schematic of the X-Ray production process used in EPMA is shown in Figure 3.13 
[71].  The schematic depicts the four mechanisms that are accessible for the production of 




Figure 3.13:  Schematic of available electron emission pathways[71] 
 
 
a radioactive or electron gun, which collides with an electron.  Energy from the X-ray is 
transferred to the electron providing sufficient energy to overcome the binding energy of 
the atom.  The energy from the emitted electron is equal to that of the incident X-ray 
minus the potential energy barrier binding the electron.  The second mechanism is the 
release of energy from K-orbital electrons.  Once an electron is emitted, it leaves a 
vacancy in the orbital.  Thermodynamics demands that an electron from either the L-
orbital or M-orbital occupies these vacancies.  During this transition, energy is released 
from the electrons in the form of X-rays, referred to as the K-line, and is unique for each 
element.  The third mechanism is similar to the second with electrons emitting X-rays 
while moving to vacancies in the L-orbital.  In this case, an electron jumps from the M-
orbital to the N-orbital.  The X-rays emitted by this mechanism are referred to the L-line, 
and are most commonly utilized for the analysis of high atomic number elements.  The 
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fourth mechanism involves the release of “Auger” electrons.  These electrons are emitted 
when K-line or L-line X-rays collide with the electrons in the outer most shell of the 
atom.  Since the ionization energy is small for these electrons, they are readily expelled 
from the atom.  The energy with which they leave the atom is equal to the potential 
energy of the parent-orbital binding energy minus the potential difference between the 
two orbitals of the shifted electrons [70-73]. 
 A Cameca Model SX-52 EPMA device, shown in Figure 3.14, is used in the 
current investigation and is located at the University of Tennessee.  The device is 
comprised of 5 vertical wavelength-dispersive spectrometers, a high-resolution energy 
dispersive solid-state detector and an electron optical column to produce a high electron  
 
 
Figure 3.14:  Photograph of the Cameca Electron Probe Microanalysis hardware 
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beam.  The beam is produced by a self-biasing LaB6 cathode with double aperture beam 
regulation and a 0.5 to 300 nA beam current capable of fully-automated alignment, focus 
and astigmatism correction.  The X-ray spectrometers have a range of 0.22 to 0.83 sin-
theta with a 40-degree X-ray take-off angle and a resolution of 1.0x10-5 sin-theta.  An 
XFlash 2000 solid-state energy dispersive detector with a resolution of less than 159 eV 
at 1000 counts per second and less than 170 eV at 30,000 counts per second is used to 
analyze elements in the atomic range of  Na to U (atomic number 11 to 92). 
 Line-scans and elemental maps are obtained for front, middle and rear sections of 
each DPF and DOC.  Line-scans are traces of elemental concentrations of Si, Al, Mg, P, 
S, Ca, Zn, Ce and Pt which are measured from the emitted X-ray radiation collected over 
a cross-section of interest.  In the DPF, line scans are used to observe penetration levels 
of various species into the filter wall, as well as to identify catalyst and washcoat 
thicknesses.  Elemental maps are rastered areas of the DOC and DPF over which X-ray 
data is collected and discretized, producing an image showing the locations and relative 
intensities of each element, as well as an overall electron backscatter image. 
 Sample preparation for EPMA is a delicate process, particularly for ash-loaded 
DPF samples.  Both DOC and DPF samples are prepared in the same manner to simplify 
the preparation process.  The samples must first be embedded in epoxy in such a manner 
that the morphology of the ash layer is not disturbed.  This is achieved by first 
submerging the inlet end of the DPF in a very low viscosity epoxy and applying a 
vacuum to the exit end.  This forces the epoxy through the channels in a similar manner 
to the exhaust gases, resulting in minimal ash layer disturbance.  The epoxy used is a 
low-viscosity resin that is specially blended to fill pore sizes smaller than 1 µm.  Within 
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two minutes the entire sample is completely submerged and left to harden in the vacuum 
environment.  Once the epoxy has set, the sample is divided into cross-sections 
approximately 0.5 cm thick.  These sections in turn are visually inspected and the 
sections containing a large number of the cells of interest are placed into molds and again 
embedded in epoxy.  Once hardened, the molded sample is again cross-sectioned using a 
diamond saw, exposing the surface of interest and providing an even base surface, and is 
polished to a 1 µm finish.  The resulting available area for analysis is approximately 2.54 
cm in diameter and contains cross-sections of approximately 20 to 75 channels, 
depending on cell density. 
 Elemental maps and electron backscatter images acquired using EPMA provide 
qualitative information regarding the ash layer that forms on the channel walls.  Of 
particular interest is the relative ash layer thickness and density, as well as to investigate 
possible ash penetration into the filter walls.  Quantitative measurements regarding 
porosity and permeability of the ash layer and substrate are left to a future investigation. 
In addition to elemental maps, elemental line scans can be used to provide qualitative 
information regarding ash layer composition and ash penetration into the wall as a 
function of distance along a user-define scan path.   
 
3.4.2 Scanning Electron Microscopy with Energy Dispersive X-Ray Spectroscopy 
 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy 
(EDS) are essentially identical in operation to Electron Probe Microanalysis.  A high-
energy beam is focused onto a sample that is positioned within a UHV chamber.  The 
surface of the sample is discretized by computer software and rastered by the electron 
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beam.  The incident beam induces the release of high-energy electrons and X-ray 
radiation.  An electron and/or X-ray detector counts the number of incident particles on 
the detector for each scanned area of the sample.  The computer then interprets the total 
number of electrons or X-rays counted and processes them using an image generating 
routine, which produces and displays an image based on the relative electron and/or X-
ray intensities. 
 Two types of electron data are produced using this method:  secondary electrons 
and backscattered electrons.  Secondary electrons are emitted from the surface atoms of 
the sample being analyzed; these are the primary source of information, yielding surface 
topography and morphology data.  Backscattered electrons are produced when the 
incident beam electrons are reflected back to the detectors.  The intensity of these 
reflected electrons is directly proportional to the atomic number of the elements present 
in the sample.  However, backscattered electrons are reflected relatively deep within a 
sample and therefore do not yield accurate surface topography. 
 EDS is used to determine the concentration of elements within the top few atomic 
layers of the sample area being scanned.  X-rays emitted from the surface are 
characteristic to the parent element from which they originated.  Detecting the energy of 
the X-rays produced by a sample provides an energy spectrum from which elements can 
be identified [70-72]. 
 In the present investigation, DPF and DOC surface topographies are obtained 
using a Leo 1525 field emission SEM outfitted with a Link Oxford EDS detector.  The 
system, located at the University of Tennessee, is shown in Figure 3.15.  DPF samples 
are taken from various locations within the filter, and are approximately 25 mm2 in 
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observable surface area.  Images of primary interest are those showing a cross-section 
where the ash layer comes into contact with the substrate wall and/or any washcoat 
material.  Sections of DPF and DOC are cut and mounted to conductive sample holders 
using carbon tape.  The samples are then coated with a 3 nm layer of gold, allowing for 
increased image resolution while retaining all available elemental information for EDS 
analysis.  Finally, the samples are placed in a UHV chamber and analyzed.  It should be 
noted that extreme care is given with respect to minimizing disturbance of the ash layer. 
 
3.4.3 Powder X-ray Diffraction  
 X-ray diffraction is based on Bragg’s Law (Eq. 3.1) and used to identify chemical 
compounds present within a sample.  When a crystalline structure is bombarded with 
monochromatic X-ray radiation of wavelength λ, Bragg reflections occur due to atomic 
lattice spacing that acts as a three-dimensional grating that diffracts the incident X-rays at 
specific angles.  These reflections occur only when Bragg’s law is satisfied: 
nλ = 2d sin(θ)  (Eq. 3.1) 
where n is the order of reflection, λ is the wavelength of the incident X-rays, d is the 
atomic spacing and θ is the angle between the surface and the X-ray beam.  If Bragg’s 
law is not satisfied, then no predictable X-ray reflections will be produced. 
 In typical XRD devices, including the one used in the present investigation, an 
incident X-ray beam made up of monochromatic X-rays of a specified wavelength is 
directed toward the sample.  A spectrum is acquired by measuring the angle and intensity 
of X-rays reflected off the surface with the use of an X-ray detector mounted on a 









Figure 3.15:  Photograph of the scanning electron microscopy hardware with energy 







X-rays are reflected and has an intensity corresponding to the total number of reflected 
X-rays of that specific wavelength.  Since each compound has a crystalline structure with 
unique spacing between atomic layers, the diffraction angles and relative intensities can 
be used to determine the compounds present in the sample.  It is also known that the total 
amount of X-ray energy reflected at a specific wavelength is dependant on the available 
concentration of the compound in the sample, and is observable in the XRD spectra by 
being proportional to the area under the peaks obtained [70, 71, 74, 75]. 
 In this study, approximately 3 grams of ash material is extracted from the inlet 
channels of the DPF.  The material is placed in a recessed section of a sample holder and 
spread to a thickness of approximately 1.5 mm.  The sample material is held in place 
using a non-crystalline ethyl acetate and polyester resin, which itself possesses a 
relatively “flat” observable intensity profile through the range of angles over which data 
is collected.  Scans are obtained using a Philips wide-angle XRD that utilizes a Cu Kα 
radiation source.  The X-Ray Diffractometer is a Phillips Panalytical Model X’Pert Pro 
MPD, shown in Figure 3.16, and is located at the University of Tennessee.  Intensity 
patterns are obtained over a 2θ range of 5° to 70° in a scan mode of 0.2° in 2 seconds.  
Sophisticated search-match software, as well as hand analysis, is used to determine the 
chemical composition of the residual ash found in the filter following accelerated ash 
loading engine bench experiments. 
 
3.4.4 Inductively Coupled Plasma - Atomic Emission Spectrometry 
 ICP-AES is a form of analytical atomic spectroscopy used to identify elements 
present within various media and quantify their concentration.  Identification is achieved 
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in a manner similar to EPMA by analyzing the electromagnetic radiation emitted as the 
electrons relax from an excited state to their ground state.  The procedure consists of 
three basic stages:  atom formation, electron excitation and emission.  Prior to excitation, 
the atoms must be separated from any matrix it is bound to, which provides an atomic 
emission spectra that is free of interferences.  Once excited, the atom will emit light that 
is characteristic of that element.  Ideally, the energy source would be variable to provide 
an appropriate amount excitation energy without appreciable ionization.   
Plasma is an electrically neutral, highly ionized gas that consists of ions, 
electrons, and atoms.  Analytical plasma is maintained by energy derived from an electric 
or magnetic field.  The plasma must be formed in a chemically inert environment in order 
to prohibit the formation of undesirable molecular species that could affect the accuracy 
of the measurement.  Most analytical plasmas operate with pure argon or helium, 
eliminating the possibility of combustion.  Plasmas are characterized by their 
temperature, as well as their electron and ion densities.  For analytical plasmas, 
temperatures typically range from 6000 to 8000 K.  These high temperatures assure that 
most of samples are completely atomized, though some molecular species do exist and 
can be measured in the plasma. 
The plasma used for ICP is a radio frequency-induced plasma that utilizes an 
induction coil to produce a magnetic field, operating between 1 and 5 kilowatts.  The 
induction coil is wrapped around the ICP torch two or three time and is cooled by water 
that continually passes through it.  All ICPs have a bank of capacitors that are 
continuously tuned to mach the inductance of the plasma.  The coil is made of either 









Figure 3.16:  Photograph of the scanning electron microscopy hardware with energy 







with air.  A typical ICP torch, as shown in 3.17, consists of a quartz tube that has three 
separate gas inlets.  Gas enters the plasma through the outer channel with a tangential 
flow rate ranging from 8 to 20 L/min.  An auxiliary gas with flow rate of 0.5 to 3 L/min 
travels up the center channel.  The nebulizer gas has a laminar flow pattern with flow 
rates ranging from 0.1 to 1 L/min and injects the samples into the plasma.  The analytical 
region is approximately 1 cm above the induction coils, providing the best optical 
viewing area and maximum sensitivity.   
The plasma emits a continuum of background radiation ranging from the visible 
to ultraviolet region.  It is known that the radiation originates from electrons, Ar and Ar+, 
as well as other atomic and molecular species in the matrix.  Sample blanks can help 
offset these background photons, but there is an ever-present level of instability in the 
continuum background, which plays a role in limiting the sensitivity of the ICP-AES.  
The lower detection limit is 0.03 parts per billion for calcium and 0.90 parts per billion 
(ppb) for zinc, both of which are well below the required range for this experiment.  The 
detection limits for phosphorus and sulfur are 18 and 20 ppb, respectively, again 
providing ample resolution.  The error and repeatability associated with ICP-AES varies 
depending on the combination of elements present in the sample, the quality of sample 
preparation and even the machine being used, and are considered minimal in the scope of 
this investigation. 
 A Perkin Elmer Optima 4200 ICP with concentric nebulizer and cyclonic spray 
chamber was used for this investigation.  Analysis was performed by the Geo-Analytical 
Laboratory of the Saskatchewan Research Council. 
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 In this investigation, the DPF is divided into equal sections along the axial 
centerline and sent to a third-party laboratory for analysis.  Sample preparation includes 
grinding up each sample and combining it with lithium borate, followed by fusion at high 
temperature (~1000ºC) for 30 to 45 minutes.  The fused sample material is them 
dissolved in 1.6 M nitric acid before being analyzed.  The number of steps involved in 
sample preparation, and the difficulty associated with dissolving automotive catalyst and 
substrate material are both inherent sources of error that limits accuracy and repeatability.  
However, this error is not considered significant and thus is not quantified in this 
investigation.  Results from ICP-AES are used to quantify ash composition and location 
through the filter.  A section of substrate loaded with ash is cut into five sections of equal 
size and analyzed independently.  Samples of the lube oil and the fuel doped with lube oil 


























RESULTS AND DISCUSSION 
 
 The exhaust gas temperature of a single-cylinder diesel engine, running at 
constant speed for the entirety of this experiment, is used to determine the engine load 
setting.  While typical exhaust gas temperatures for on-road diesel engine applications 
can range anywhere from 250 to 500°C, a target exhaust temperature of 400°C was 
selected to enhance continuous regeneration efficiency as well as to increase fuel 
consumption and engine soot output rate in order to shorten test length.  It is also 
understood that the quantity of soot and ash produced by the engine is strongly a function 
of engine load.  The goal of the experiment is to develop an accelerated protocol that 
produces and deposits ash in a manner similar to that observed in full-scale engine testing 
and on-road applications. Thus, special attention is given to selecting and maintaining 
engine bench settings such that exhaust temperature and backpressure remain in ranges 
considered representative of full-scale engine operating parameters.  Since the rate of 
soot production is a strong function of engine backpressure, significant differences in 
soot loading times are observed between substrates.  
 Results are presented by substrate material.  Sections 4.1 and 4.2 discuss results 
from experiments carried out on two cordierite filters with different PGM loadings.  The 
majority of experiments observed in literature were conducted on cordierite substrates 
with varying amounts of PGM loading.  Thus, results for experiments carried out on 
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cordierite substrates are considered a good starting point for evaluating DPF performance 
when the accelerated ash-loading protocol is applied.  The porosity of cordierite is 
typically in the range of 40 to 50%, though exact measurements are not carried out as 
they were not required for the development of this protocol.  The presence of a washcoat 
and catalyst material will inherently decrease the filter wall permeability with varying 
severity based on the wall surface morphology and washcoat layer thickness.  The first 
experiment is carried out on a substrate coated with a low PGM loading, and the second 
on a substrate with a high PGM loading.  The effect of the catalyst layer on exhaust 
backpressure is clearly visible in the data, and has significant implications with regard to 
implementing the protocol.   
Sections 4.3 and 4.4 outline results from experiments carried out on two mullite 
substrates:  the first with no catalyst material, and the second with a high PGM loading. 
Mullite has been introduced as a high porosity substrate material with mechanical 
properties similar to those of cordierite.  The high porosity acicular material provides 
lower engine backpressures without sacrificing filtration efficiency.  The DPF channel 
walls also provide more surface area over which catalyst material may be applied, 
enhancing continuous regeneration performance.  The filter wall morphology also has 
significant implications with regard to ash layer morphology, as will be addressed in both 
the experimental and characterization results. 
 Section 4.5 presents discussion of results from an experiment carried out on a 
non-catalyzed SiC filter.  Silicon carbide (SiC) is widely used in passenger vehicle 
applications because of its increased durability when subjected to high temperatures, 
especially temperature excursions experienced during active regeneration. The porosity 
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of SiC is typically the same as or slightly lower than that of cordierite (40 to 50%), but 
SiC has a major advantage in having a melting temperature of 2200ºC, nearly 1000ºC 
greater than that of cordierite.  This provides some passive protection against damage that 
may occur should the DPF experience an uncontrolled regeneration during which 
temperatures can exceed 1600ºC.  In cases where active regeneration is employed to 
remove soot from the filter, this regeneration strategy can be carried out at higher 
temperatures, resulting in faster and more complete regenerations.  In the present 
investigation, only one experiment was carried out on a non-catalyzed SiC DPF.  Despite 
the higher melting temperature, the regeneration strategy is not varied in the interest of 
continuity between experiments. 
 Finally, comparisons between the results from each experiment are discussed in 
Section 4.6.  In particular, the effects of ash on exhaust backpressure and soot lightoff are 
quantified.  Additionally, the composition of the fuel, lube-oil and ash is examined, and 
the ash distribution and ash recovery within each substrate is quantified. 
 
4.1 Cordierite Substrate with Low PGM Loading 
4.1.1 Cordierite Substrate with Low PGM Loading - Experimental Results 
 This experiment was the third experiment carried out overall.  While the protocol 
is varied over the course of the experiment, it has already been recognized that exhaust 
backpressure is a strong function of the residual ash buildup within the filter, as well as 
the soot accumulated over the course of the loading cycle.  Thus, when using a 
backpressure threshold to determine the point at which active regeneration is initiated, the 
threshold must be increased to account for ash buildup and subsequent increase in 
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baseline backpressure.  For this experiment, the backpressure threshold is increased only 
as needed, which is to say, when the pseudo-steady-state backpressure does not drop 
below the backpressure threshold immediately following an active regeneration.  This 
prevents too much soot from depositing within the filter, but results in an inconsistent 
amount of soot being loaded from cycle to cycle.  The effects of this inconsistent soot 
loading are most visible in the DPF solid temperature profile shown in Figure 4.1, where 
the temperature excursion resulting from the exothermic oxidation of the carbonaceous 
particulate matter is observed to vary from cycle to cycle, indicating different amounts of 
soot present in the filter prior to regeneration.   
The effects of inconsistent soot loading are visible to a lesser extent in the exhaust 
gas temperature profiles as seen in Figure 4.2, where the DPF exit gas temperature is the 
only gas temperature measured downstream of the filter.  Variations in the remaining 
exhaust gas temperature profiles are the result of changes in engine load between loading 
and regeneration cycles.  Finally, changes in the active regeneration protocol result in 
variations in DOC and DPF inlet gas temperatures. 
 The effect of ash accumulation within the DPF is immediately visible in the 
exhaust backpressure data shown in Figure 4.3, where the overall backpressure trend 
increases fairly linearly over time.  The DPF mass data shown in Figure 4.4 exhibits 
fairly linear trends for both loaded DPF masses (soot and ash, prior to regeneration) and 
clean DPF masses (ash only, after regeneration) versus time, indicating that the 
relationship between backpressure and ash accumulation would be roughly linear within 













Figure 4.2:  Exhaust gas temperatures at various locations versus time for cordierite 












 In summary, the experimental results illustrate fair repeatability of the accelerated 
ash loading protocol.  Though parameters such as engine load and backpressure 
thresholds are varied during this particular experiment, the temperature profiles remain 
within the desired operating window.  Inconsistencies observed in the mass data plot are 
attributed to a combination of inconsistent soot loadings, and a regeneration strategy that 
evolved over the course of this particular experiment.  Results from this experiment play 
an important role in further development and implementation of the protocol.  The overall 
implications of experimental repeatability and material properties will be addressed in 
Section 4.6. 
 
4.1.2 Cordierite Substrate with Low PGM Loading - Characterization Results 
 Upon completion of the engine experiment, the sample is divided into quarter 
sections lengthwise.  The first is completely embedded in epoxy to preserve the ash layer 
prior to cutting the sample into cross-sections.  The second is cut into five sections and 
sent to the third-party laboratory for ICP analysis.  The third is cut apart for visual 
examination and SEM analysis.  The fourth piece is retained for additional 
characterization if necessary. 
 Photographs are taken of various areas of interest.  Photographs taken of cross-
sections from the front and rear sections are shown in Figures 4.5 and 4.6, respectively, 
and demonstrate the disparity in ash accumulation between the front and rear sections of 
the DPF.  The ash layer on the channel walls was observed to remain intact, while the ash 
in the center channel of the channels was easily knocked loose during cutting.  Thus, 




Figure 4.5:  Photograph of one-quarter 
sample from front section of cordierite 
substrate with low PGM loading 
Figure 4.6:  Photograph of one quarter 
sample from rear section of cordierite 
substrate with low PGM loading  
 
 A close-up photograph of the specific samples used for SEM analysis is shown in 
Figure 4.7 and provides an excellent representation of the ash distribution along the 
length of the channels.  A single plugged channel is observed in the front-middle section, 
but this occurrence is considered an anomaly.  The ash layer is characterized at locations 
0.5”, 3.0” and 5.0” from the inlet representing the front, middle and rear of the filter 
using EPMA and SEM. 
EPMA is utilized to observe the cross-sectional morphology of the ash layer that 
forms.  Specifically, elemental maps depicting the relative concentrations of calcium, 
zinc, phosphorus and sulfur are used to characterize the ash layer in a large number of 
cells from throughout the filter. The maps presented here are selected as representative of 
the overall trend observed.  The ash layer is characterized at locations 0.5”, 3.0” and 5.0” 
from the inlet representing the front, middle and rear of the filter.  The first image taken 
from the inlet section is shown in Figure 4.8.  It is observed that the relative concentration 
of phosphorus is approximately equal to that of calcium, and sulfur approximately equal  
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Figure 4.7:  Photographs of representative samples extracted from the front, front-
middle, middle and rear sections of the cordierite substrate with low PGM loading 
 
 
to zinc.  Thus for simplicity, only the maps for the electron backscatter, calcium and zinc 
are shown in the rest of this section.  The rationale for the selection of these elements will 
be discussed further in Section 4.6. 
 The elemental maps for the front section of the DPF, shown in Figures 4.8 and 
4.9, show a relatively thin ash layer formed on the walls of the channel.  The ash layer is 
fairly dense and in most cases covers the entire inside perimeter of the cell.  This has 
significant implications with regard to the backpressure increase as a function of ash 
loading, though this impact is not quantified in this investigation. 
 Figures 4.10 and 4.11 present elemental maps for the middle section of the DPF, 
and show an ash layer that is significantly thicker that that observed in the front section, 
resulting in a smaller void area through which exhaust gas can flow.  In addition, the ash 
distribution over the channel walls is not nearly as symmetric as that seen closer to the 
inlet.  The exhaust gas flow pattern will vary depending on axial location of each cell and 
the overall geometry of the system.  It is also understood that some of the ash from the 
front and middle sections will break loose and deposit in the rear of the channel.  It is 
believed that these two factors are primarily responsible for the asymmetrical ash 



















Figure 4.10:  EPMA Elemental maps of middle section of cordierite substrate with 
low PGM loading 
 
 
Figure 4.11:  EPMA Elemental maps of middle section of cordierite substrate with 
low PGM loading 
 
 
 The elemental maps of the rear section of the DPF are shown in Figures 4.12 and 
4.13, and show channels that are completely plugged with ash.  The ash does not appear 
to be tightly packed, suggesting that some of the deposits formed upstream in the channel 
before separating from the wall and depositing in the rear.  The relatively low exhaust gas 
flow rate through the rear of the filter will have little effect in compacting the ash layer.  
The majority of the rear cross-sections were very similar to the channel shown in Figure 
4.10.  However, enough channels possessed a distribution similar to that of the second 
elemental map shown in Figure 4.11 to merit mention.  These distributions were 









Figure 4.13:  EPMA elemental maps of rear section of cordierite substrate with low 
PGM loading 
 
appears to be loosely packed, perhaps the result of aforementioned ash deposits blowing 
down from upstream, as well as less ash material depositing in the outer channels. 
 To gain a more detailed understanding of the ash layer morphology and 
distribution along the length of the channel, SEM was employed to observe the ash and 
substrate under high magnification.  Again, representative channels are selected for each 
section and shown in Figures 4.14 through 4.16.  Similar to the results observed with  
EPMA, the ash layer is thinnest near the DPF inlet and gradually increases in thickness 
along the length of the channel.  Perhaps the most interesting results with regard to  
channel-to-channel comparisons come in the rear section channels.  While the ash 
 
100 
completely blocked the channels in most cases, the morphology of ash itself is observed 
to vary from smaller agglomerates such as that observed in Figure 4.16a, to larger 
agglomerates as seen in Figure 4.16b, with the larger agglomerates being found in 
channels along the outer radius of the DPF.  Upon further observation of the rear section 
channels, it is noted that there is no observable ash layer, but instead what appears to be 
an accumulation of ash agglomerates.  As mentioned earlier in this section, this is likely a 
combination of low flow rate through the rear section of the channel, and the 
accumulation of ash that breaks away from the upstream ash layer.  This is all consistent 
with the widely acknowledged phenomenon that the filter fills with ash from the rear 
forward.  These images also provide a more visual understanding of the effect of ash 
accumulation of engine backpressure.   
For each channel, the ash layer is examined under greater magnification, 
particularly the region in which the ash comes into direct contact with the substrate.  The 
morphology of the ash layer was found to be consistent between channels of the front and 
middle sections, and varied only slightly for the rear section.  While special care is given 
to avoid the disturbance of the ash layer during sample preparation, the ash layer 
remained completely intact in only a few channels.  Representative channels are again 
selected, this time from the front and rear sections.  Images acquired under increasing 
magnification, displayed in Figures 4.17a through 4.17e, show minimal ash penetration 
into the DPF wall.  The bright white line observed in each image is attributed to the 
presence of catalyst material and surface charging.  It should also be noted that some (if 
not all) of the ash observed within the channel wall is the result of contamination during 
sample preparation.  The ash layer, however, remains distinctly visible, and is observed 
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to consist of relatively fine grains accumulated in a moderately porous layer.  The 
substrate is observed to possess a porous sponge-like morphology with an average pore 
size slightly larger than that of the ash particles.  It can be seen that with the exception of 
areas damaged during sample preparation, the ash layer remains in solid contact with the 
filter wall.  During sample preparation, it was observed that the ash layer was extremely 
brittle, suggesting that it may be susceptible to breakage when exposed to the inherent 
vibration associated engines and on-road driving, resulting in more ash depositing in the 
rear section.  The ash layer in the rear of the filter, shown in Figures 4.18a through 4.18e, 
was more susceptible to damage during sample preparation, so focus is placed on the ash 
itself.  The ash in the rear section is observed to be less densely packed, and consisted of 
a combination of small and large agglomerates, indicating much of the ash had formed 
upstream and broken loose. 
Overall, the ash distribution and morphology that is observed during the 
characterization of the cordierite substrate with low PGM is consistent with results 
observed in literature.  As expected, the ash layer is thinnest toward the inlet of the DPF 
and increases along the length of the filter until the channels become completely filled. 
Results show that calcium and phosphorus are present in the greatest concentrations 
among the elements investigated, and will be quantified later in this chapter.  Finally, 
there was no distinct ash layer visible in the rear section channels, suggesting that the 
majority of the ash found in the rear of the filter originated from the brittle ash layers 
present on the upstream channel walls.  It is believed that the protocol implemented for 
this experiment produced excellent results for both the experiment itself and the 




Figure 4.14a:  SEM image of front 
section channel (38X) 
Figure 4.14b:  SEM image of front 




Figure 4.15a:  SEM image of middle 
section channel (38X) 
Figure 4.15b:  SEM image of middle 




Figure 4.16a:  SEM image of rear section 
channel (38X) 






Figure 4.17a:  SEM image of front 
section channel (110X) 
Figure 4.17b:  SEM image of front 




Figure 4.17c:  SEM image of front 
section channel (440X) 
Figure 4.17d:  SEM image of front 




Figure 4.17e:  SEM image of front  




Figure 4.18a:  SEM image of rear section 
channel (110X) 





Figure 4.18c:  SEM image of rear section 
channel (440X) 





Figure 4.18e:  SEM image of rear  




4.2 Cordierite Substrate with high PGM Loading 
4.2.1 Cordierite Substrate with High PGM Loading – Experimental Results 
 This experiment is the seventh and final experiment carried out during this 
investigation.  No changes were made to the protocol over the course of the experiment.   
Both loading and regeneration cycles were carried out at the same constant engine load, 
and the same 30-minute regeneration strategy was applied for every regeneration cycle, 
eliminating experimental variables.  In observing the DPF solid temperatures shown in 
Figure 4.19, it is clear that the protocol provides a consistent and repeatable temperature 
profile.  A few temperature excursions are observed, which correspond to additional soot 
loading during engine warm-up after obtaining a loaded DPF mass.  As a result, loaded 
masses are recorded only five times to minimize the threat of damage to the filter.   
  The repeatability of the protocol is confirmed in observing the exhaust gas 
temperature profiles displayed in Figure 4.20.  Variations in the temperature profile 
occurred early in the test as a result of problems with the supplemental fuel injection 
system and the engine load controller.  These issues were corrected early on, providing a 
long period over which the protocol is applied without incident.  An important point 
worth mention is that the exhaust temperature and DOC inlet gas temperature remain 
fairly constant throughout the experiment, resulting in consistent aging environments 
 The exhaust backpressure profile shown in Figure 4.21 again illustrates a steadily 
increasing trend over the entire experiment.   The “spikes” in the backpressure data 
correspond to the aforementioned additional soot loading associated with the acquiring of 
loaded filter masses.  The additional soot accumulation decreases the soot/ash layer 









Figure 4.20:  Exhaust gas temperatures at various locations versus time for 
cordierite substrate with high PGM loading 
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backpressure increase is compounded further by increased exhaust gas space velocity 
resulting from supplemental fuel injection and subsequent increases in gas temperature.  
It should also be noted that the initial exhaust backpressure observed for this DPF is the 
highest of all the experiments.  This results in a higher engine soot production rate, which 
translates into shorter loading cycle times.  Overall, the exhaust backpressure data shows 
a repeatable trend that steadily increases over the course of the experiment. 
 The effectiveness of the accelerated ash loading protocol is further demonstrated 
by the DPF mass data, shown in Figure 4.22.  The first observation is that both lines are 
extremely linear, confirming good repeatability in the soot loading protocol, as well as 
indicating that the regeneration strategy is consistent and efficient in removing soot from 
the DPF.  It is also observed that the trend lines are nearly parallel, and that the vertical 
gap between the two represents a consistent soot loading of two grams for the entire 
experiment.  As mentioned earlier, the higher backpressures associated with this substrate 
and catalyst coating results in a high engine soot production rate.  This presents the most 
difficult of conditions under which the protocol must provide consistent soot loading, and 
the mass data confirms that the protocol achieves the target soot loading. 
 In summary, the experimental results demonstrate the excellent repeatability of 
the protocol.  Even with higher exhaust backpressures resulting in increased soot 
production, the protocol provides very consistent soot loading.  Comparing these results 
to those of the first cordierite test, repeatability is greatly enhanced, primarily a result of 
using a constant engine load and employing a set active regeneration strategy.  Overall, 
the results from this experiment further validate the protocol’s effectiveness in achieving 












4.2.2 Cordierite Substrate with High PGM Loading - Characterization Results 
 Following the completion of the engine experiment, the sample is divided into 
quarter sections for EPMA, SEM analysis, and ICP analysis, with the fourth section 
retained for additional analysis if required. 
 Photographs are again taken of various areas of interest.  Photographs taken of 
cross-sections from the front and rear sections are shown in Figures 4.23 and 4.24, 
respectively, and demonstrate the differences in ash accumulation between the front and 
middle of the DPF.  It was observed that the ash layer near the inlet was very thin even 
prior to sample preparation, while the ash layer in the middle and rear sections consisted 









Figure 4.23:  Photograph of one-   
quarter sample from front section of  
cordierite substrate with high PGM 
loading 
Figure 4.24:  Photograph of one-   
quarter sample from rear section of  





 Photographs of the representative cross-sections analyzed using SEM, shown in 
Figure 4.25, depict an ash distribution along the length of the channel that differs from 
that observed in the first cordierite substrate.  The ash layer is barely visible in the front 
section, but becomes more visible in the middle section, particularly in the corners.  The 
ash is observed to plug the channels starting further upstream than the previous cordierite 
sample.  The increase in PGM loading is likely a contributing factor to the inability of the 
ash layer to form and remain intact in the front and middle sections, resulting in more 
material breaking loose and depositing in the rear of the channels.   The presence of the 
high PGM loading itself and the subsequent variation in ash distribution has important 
implications with regard to engine backpressure, though further experiments would be 
necessary in order to quantify impact of each of these contributors. 
EPMA is again utilized to observe the cross-sectional morphology of the ash layer 
that forms in the DPF.  Figures 4.26 and 4.27 depict an ash layer in the front section that 
is much thinner than that observed in the first cordierite substrate.  This may be due, at 
least in part, to the increased presence of washcoat and catalyst material, perhaps 
providing a smoother textured surface that is more difficult for ash to accumulate and 
remain attached, instead breaking loose and depositing in the rear of the DPF.   
 
 
    
Figure 4.25:  Photographs of representative samples extracted from the front, middle, 




















 The elemental maps representing the middle section of the DPF, shown in Figures 
4.28 and 4.29, show an ash layer that is on average much thicker than that observed in the 
front section of the same substrate.  However, the ash layer thickness around the 
perimeter of the wall is clearly less consistent than that observed in the first cordierite 
substrate.  In addition, it is observed that portions of the ash layer have broken loose from 
the wall and drifted toward the center of the channel during sample preparation.  The 
same sample preparation method was used for all five samples, and it is noted that this 












hypothesis that the presence of washcoat and catalyst material on the filter wall hinders 
the formation of an ash layer like that observed in the first cordierite as well in all of the 
other samples.  The obvious benefit of this phenomenon with regard to DPF performance 
is increased exposure of the exhaust stream to the catalyst layer, resulting in more 
effective continuous regeneration performance.  Different ash distributions within the 
filter will also have important implications with regard to backpressure performance, 
affecting total filtration volume, channel wall permeability and exposure of catalyst 
material to the exhaust stream. 
 The elemental map shown in Figure 4.30 represents the vast majority of the 
channels in the rear section observed during analysis, while the elemental map shown in 
Figure 4.31 represents a smaller portion of the channels that are located furthest from the 
axial centerline of the filter.  Both maps show channels that are completely plugged with 
ash.  In both cases the ash again appears to be loosely packed, and since there is no 
visible ash layer formed along the channel wall, it is assumed that the majority of this ash 
was formed upstream in the channel before detaching from the channel wall and 
depositing in the rear.  Other characterization methods are used to further investigate this 
ash distribution and morphology. 
 Scanning electron microscopy is again used to further characterize the ash 
morphology and distribution along the length of several representative channels.  Once 
again, the ash layer is observed to increase in thickness from front to rear, with the rear 
channels being completely plugged with ash.  The ash layer in the inlet cells shown in 












channel where the ash layer can form and remain intact.  Finally, the rear channels 
presented in Figures 4.34a and 4.34b are completely filled with ash.  As seen in the first 
substrate, there is no distinct visible ash layer along the perimeter of the channel.  
However, the ash consists of much finer particles and appears to be more tightly packed 
than that observed in the first cordierite substrate.  The finer texture may be the direct 
result of the smoother channel surface and propensity of the ash layer to break away from 
the channel walls.  The smoother channel surface is likely less porous and thus also 




Figure 4.32a:  SEM image of front 
section channel (38X) 
Figure 4.32b:  SEM image of front 




Figure 4.33a:  SEM image of middle 
section channel (38X) 
Figure 4.33b:  SEM image of middle 




Figure 4.34a:  SEM image of rear section 
channel (38X) 





 The ash layer is now examined under higher magnification.  Images representing 
the front section are presented in Figures 4.2.35a through 4.2.35e show the thing ash 
layer more clearly.  The washcoat and catalyst are also visible and appear to round out 
the corners of the channel.  Ash can also be seen sparsely covering the channel walls.  
Images from the rear channels, shown in Figures 4.36a through 4.2.36e again show a 
finer ash that is more compacted.  It is also noted that the catalyst washcoat is not nearly 
as visible, and the ash is not observed to penetrate the substrate wall.  As mentioned 
before, special care it taken to minimize disturbance of the ash layer during sample 
preparation.  It is understood the finer ash morphology coupled with a smoother wall 
texture further complicates the sample preparation process, and some disturbance is 
expected.  Thus, several samples from the rear section are prepared both to gain a broader 
understanding of the trends present, and to increase the probability of acquiring images of 
an ash layer that is fully intact.  While the amorphous nature of the ash deposits results in 
inconsistent focal lengths and complicates image acquisition, it is the region in which the 
ash comes into contact with the channel wall that is of primary interest, and thus attention 
is directed there.  Examination of the ash-wall interface under higher magnification also 
shows what appears to be a thin ash layer that is present in the rear channels.  The 
morphology of this ash is also observed to differ slightly from that seen in the front 
section, though results appear to be consistent within each respective region. 
Overall, the ash distribution is observed to differ drastically from that observed in the 
first cordierite substrate.  The morphology of the ash within the channel was observed to 
differ as well, though the ash layer directly adjacent to the channel wall appears very 




Figure 4.35a:  SEM image of front 
section channel (110X) 
Figure 4.35b:  SEM image of front 




Figure 4.35c:  SEM image of front 
section channel (440X) 
Figure 4.35d:  SEM image of front 




Figure 4.35e:  SEM image of front 




Figure 4.36a:  SEM image of rear section 
channel (110X) 





Figure 4.36c:  SEM image of rear section 
channel (440X) 





Figure 4.36e:  SEM image of rear  
section channel (2200X) 
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increased presence of washcoat and catalyst material is responsible for the differences in 
ash distribution.  However, in general, the ash layer is again observed to increase in 
thickness from front to rear, which is consistent with all experiments in this investigation.  
Calcium and phosphorous are again shown to be present in the highest concentrations of 
all the elements of interest.  Quantification of these elements and their distribution within 
the DPF will be addressed in Section 4.6.  Finally, it is believed that the protocol 
implemented for this experiment successfully produced results that are consistent with 
trends observed in other experiments and in literature. 
 
4.3 Mullite Substrate with no PGM Loading 
4.3.1 Mullite Substrate with No PGM Loading – Experimental Results 
 This experiment was the second carried out overall.  The protocol is actively 
varied throughout the entire experiment to investigate the effects of engine load on soot 
loading rate, as well as to determine the best method for completely regenerating the 
filter.  Engine load is increased during the regeneration cycle to provide higher exhaust 
temperatures that will better facilitate the oxidation of soot accumulated within the filter.  
Engine load is an important factor during the loading cycle for two reasons:  higher 
engine loads result in both higher exhaust temperatures and increased fuel consumption 
rates, providing more favorable conditions for continuous regeneration and shortening 
testing time, respectively.   
 As outlined in the previous section, exhaust backpressure is a strong function of 
both the soot accumulated over the course of the loading cycle and the residual ash 
buildup within the filter.  Over the course of this experiment, several backpressure 
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thresholds are investigated to determine the corresponding soot loading that results.  To 
accomplish this, the DPF can is initially removed following every loading and 
regeneration cycle so that the mass of soot loaded can be calculated for each individual 
cycle.  While this process provided results that proved useful in determining an outline 
for the loading and regenerating protocol, the absence of an effective and repeatable 
regeneration strategy is apparent in analyzing the mass and backpressure data over the 
entirety of the experiment.  During the latter half of the experiment, the backpressure 
threshold scheme is employed and refined.  The focus is shifted to the development of an 
effective regeneration strategy that can be employed for the remainder of the overall 
investigation. 
 The effects of varying the engine load and backpressure threshold, as well as the 
frequent engine shutdown for mass measurement are visible in the DPF solid temperature 
profile shown in Figure 4.37.  To avoid loading too much soot and the possibility of an 
uncontrolled regeneration, the backpressure threshold is initially defined as only 0.10 psi 
above the baseline backpressure, and increased in small increments.  The lower 
backpressure thresholds, coupled with an ad-lib regeneration scheme, resulted in more 
frequent regenerations.  As the backpressure threshold is increased, loading times 
increased slightly.  Twice near the midway point of the experiment, the backpressure 
threshold was increased too much, and the additional soot loading resulted in an 
uncontrolled regeneration in the filter during which DPF solid temperatures reached 
1200°C.  The filter was removed and inspected for damage with no cracks or soot leakage 
being observed.  The temperature excursions can also be observed in the exhaust gas 
temperature profile as seen in Figure 4.38, though not nearly as severe.  The backpressure 
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threshold necessary to achieve an approximate soot loading of 2 grams (~3 grams/liter) 
was then determined to be approximately 0.2 psig above the baseline.  This value is used 
to determine the length of the loading cycles for the duration of the experiment.  Upon 
implementing the protocol using this established backpressure threshold, the temperature 
profile becomes much more repeatable.  Repeatability is further enhanced as the active 
regeneration strategy is refined, as seen in the latter portions of both temperature profiles. 
 The most interesting data in this experiment is the backpressure profile shown in 
Figure 4.39.  While several trends corresponding to variations in backpressure threshold 
and regeneration strategy are apparent, the overall trend appears fairly level when 
compared to the trends observed for the cordierite substrates.  The uncontrolled 
regenerations are visible in the two backpressure spikes near the midway point of the 
experiment, the result of rapid soot accumulation and increased space velocity during 
active regeneration.  Once the protocol with established backpressure threshold was 
applied around the 2000-minute mark, the backpressure profile becomes more repeatable.  
The variations in backpressure peaks between cycles are attributed to ash accumulation 
within the filter and subsequent decrease in soot accumulation during each cycle.  As 
seen in Figure 4.40, the mass data is scattered for the first half of the experiment, again 
the result of changing protocol parameters.  Most notable are points where the clean 
masses decrease over time, indicating incomplete regenerations and highlighting the need 
for an effective and repeatable regeneration strategy.  This strategy is developed and 
applied in conjunction with the established backpressure threshold, resulting in very 








Figure 4.38:  Exhaust gas temperatures at various locations versus time for non-




Figure 4.39:  Exhaust backpressure versus time for non-catalyzed mullite substrate 
 
 
Figure 4.40:  DPF mass data versus time for non-catalyzed mullite substrate 
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4.3.2 Mullite Substrate with no PGM - Characterization Results 
 Following the completion of this engine experiment, the sample is divided into 
quarter sections.  All four sections were consumed in the development of a sample 
preparation method that minimized disturbance of the ash distribution and morphology, 
and thus there was no sample remaining for ICP analysis. 
Photographs are taken of various areas of interest are used to visually characterize 
trends in ash formation.  Figures 4.41 and 4.42 are photographs taken of cross-sections 
from the front and rear sections, respectively.  The inlet channels appear to be nearly 
devoid of ash, while rear channels are completely plugged with ash.  The darker color of 
the inlet channels of the front section is likely the result of residual soot from the exhaust 
pipe breaking loose and depositing in the DPF during the final cool down cycle. 
Photographs of the samples analyzed using SEM, displayed in Figure 4.43 show 
an ash layer that increases in thickness along the length of the channel.  The rear channels 






Figure 4.41:  Photograph of one-quarter 
sample from front section of non-
catalyzed mullite substrate 
Figure 4.42:  Photograph of one-
quarter sample from rear section of 
non-catalyzed mullite substrate 
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Figure 4.43:  Photographs of representative samples extracted from the front, front-
middle, middle and rear sections of non-catalyzed mullite substrate 
 
 
EPMA elemental maps of the non-catalyzed mullite substrate provide a great 
visual understanding of the underlying reason for which mullite substrates outperform 
other substrates with regard to backpressure.  Calcium and phosphorus are again 
observed to be the most prevalent of the elements of interest and thus are again selected 
to represent the ash layer.  Once again, the maps shown are considered representative of 
the overall trends observed in the front, middle and rear sections at locations 0.5”, 3.0” 
and 5.0” from the inlet of the DPF, respectively. 
 Elemental maps for the front section are presented in Figures 4.44 and 4.45.  The 
maps show an ash layer that is visibly thicker than that observed in the cordierite filter, 
but is clearly more porous.  This increases the effective filtration area, distributing the ash 
over a larger area of the cross section.  The textured channel wall also facilitates the 
formation of an ash layer that is more likely to remain intact and not break away, further 
enhancing ash distribution.   The result is a more porous ash layer that performs more 
efficiently than other substrate materials with respect to backpressure. 
 The elemental maps for the middle section of the DPF, shown in Figures 4.46 and 
4.47, depict an ash layer that is slightly thicker that that observed in the front section. 
















higher, though it remains very porous.  It is likely that some ash from the front and 
middle sections still breaks away and deposits in the rear despite the coarser texture of 
the wall.  However, these images further confirm that the ash does remain more 
distributed along the length of the channel than observed in results with other substrate 
materials.  The development and preservation of a porous ash layer is again a clear 
advantage with respect to exhaust backpressure.  
 The elemental maps of the rear section of the DPF are presented in Figures 4.48 
and 4.49, and again show channels that are completely plugged with ash.  However, the 





Figure 4.46:  Elemental maps of middle section of non-catalyzed mullite substrate 
 
 




Figure 4.48:  Elemental maps of rear section of non-catalyzed mullite substrate 
 
 
Figure 4.49:  Elemental maps of rear section of non-catalyzed mullite substrate 
 
 
within the filter, and can be characterized as two distinct regions.  Figure 4.48 accurately 
represents the majority of channels, which are located within approximately one inch of 
the axial centerline.  Unlike the trends in ash layer morphology and distribution observed 
in the cordierite substrate, there is a distinct ash layer visible along the perimeter of the 
channel.  It can also be seen that the center of the channel is filled with ash material that 
likely formed upstream, broke loose, and deposited in the rear of the DPF.  Figure 4.49 
was selected as a representation of a smaller portion of the channels located around the 
outer perimeter of the DPF.  Unlike the center channels, there is no visible ash layer 
along the channel wall.  Instead, the channels appear to be plugged with a uniform  
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distribution of loosely-packed ash particles.  It is also noted that these channels often 
have voids present in the ash, likely the result of lesser flow through these channels.  
Overall, the ash deposit remains very porous, further contributing to the backpressure 
advantage experienced with the mullite filters. 
 To further investigate the morphology and distribution of ash within the DPF, 
Scanning Electron Microscopy is utilized to examine the areas of interest under high 
magnification.  Once again, representative channels are selected for the front, middle and 
rear sections, represented by Figures 4.50 through 4.52.  The ash layer is once again 
observed to increase in thickness from front to rear, though the increase in thickness is 
not as extreme as that observed with cordierite.  The ash layer in the inlet sections, 
presented in Figures 4.50a and 4.50b, is barely discernable under lower magnifications.  
However, EPMA results show that the ash layer is only slightly thinner than that of the 
middle section, shown in Figures 4.51a and 4.51b.  It is observed that the acicular 
morphology of the substrate itself protrudes relatively far into the channel void, allowing 
the ash layer to form in and among these protrusions.  The ash layer becomes more 
visible in the middle section as the substrate protrusions become covered and less visible.  
For the first time in this investigation, a distinct ash layer is visible in the rear section, as 
seen in Figures 4.52a and 4.52b.  It is noted that the ash was loosely packed within the 
rear channels, and the ash in the center region of these channels that was observed in 
EPMA was knocked loose and lost during sample preparation.  This analysis provides a 
visual example of the manner with which ash deposits over a larger volume within the 
DPF, and shows the underlying reasons for the lower backpressures observed during the 




Figure 4.50a:  SEM image of front 
section channel (38X) 
Figure 4.50b:  SEM image of front 




Figure 4.51a:  SEM image of middle 
section channel (38X) 
Figure 4.51b:  SEM image of middle 





Figure 4.52a:  SEM image of rear section 
channel (38X) 




Representative channels are again selected from the front and rear sections for 
examination under greater magnification.  In particular, the region in which the ash 
comes into direct contact with the substrate is analyzed to better understand the 
morphology of the substrate and ash layer.  Images of the front section acquired under 
increasing magnification are presented in Figures 4.53a through 4.53f. These images 
clearly show the presence of the ash layer that has formed within the protrusions of the 
acicular substrate.  Larger ash agglomerates are trapped in the less dense region of the 
channel wall, while smaller particles deposit deeper within the surface of the channel 
wall.  This distribution lessens the impact of ash accumulation on backpressure. 
Images of a rear section channel acquired under increasing magnification are presented in 
Figures 4.54a through 4.54e.  These images exhibit an ash layer that has formed and 
extended beyond the protrusions of the substrate wall.  The ash layer becomes visibly 
denser toward the center of the channel where it appears similar to the layers observed in 
the cordierite substrates.  Thus, in addition to the plugging of the rear channels, 
backpressure will also increase as a result of ash layers that grow and extend beyond the 
substrate protrusions, forming a more compact layer.  This phenomenon cannot be readily 
observed in the experimental data due to the protocol being refined during this 
experiment.  However, this theory will be further addressed in the next section.  One 
more noteworthy observation with regard to the ash-substrate interface is that despite the 
ash layer appearing less dense overall, it is more structurally solid and thus more likely to 
remain intact.  This integrity is the result of the ash layer forming within the channel wall 
protrusions, providing a natural frame that reinforces the ash layer and prevents breakage 




Figure 4.53a:  SEM image of front 
section channel (110X) 
Figure 4.53b:  SEM image of front 




Figure 4.53c:  SEM image of front 
section channel (440X) 
Figure 4.53d:  SEM image of front 




Figure 4.53e:  SEM image of front 
section channel (2200X) 
Figure 4.53f:  SEM image of front 





Figure 4.54a:  SEM image of rear section 
channel (110X) 





Figure 4.54c:  SEM image of rear section 
channel (440X) 





Figure 4.54e:  SEM image of rear  




Overall, the morphology of both the substrate and ash layer differs drastically 
from that observed in other substrates such as cordierite and silicon carbide.  Namely, the 
acicular morphology of the substrate wall allows the ash to penetrate and deposit at 
varying depths within the channel wall, providing a more porous ash layer.  The ash layer 
that forms becomes integrated with the wall, increasing the likelihood that it will remain 
intact rather than breaking away and depositing in the rear of the filter.  Since ash is more 
evenly distributed throughout the filter, ash accumulation has a far lesser effect on 
backpressure.  There is a threshold at which this advantage is lost, which occurs when the 
ash layer extends beyond the acicular protrusions of the channel wall.   
Similar to the results obtained with the cordierite substrates, calcium and 
phosphorus are present in the greatest concentrations among the elements investigated, 
and will be quantified later in this chapter.  The ash layer was again observed to increase 
in thickness from front to rear, though this increase was of a far smaller magnitude.  
Finally, there was distinct ash layer visible in the rear section channels, which is the first 
observed in this investigation.  This is the result of the depth filtration principle.  Since 
exhaust gasses flow along the path of least resistance, ash is naturally distributed fairly 
evenly throughout the length of the filter.  Since the ash initially penetrates the channel 
wall, very little ash breaks loose and deposits in the rear.  As the ash layer continues to 
grow and extend beyond the channel wall protrusions, more ash begins to break loose and 
deposit in the rear, creating the two distinct regions observed with EPMA analysis.  The 
resulting overall ash layer is very porous and likely to remain intact, maintaining a more 




4.4 Mullite Substrate with High PGM Loading 
4.4.1 Mullite Substrate with High PGM Loading – Experimental Results 
 This experiment was the fifth carried out overall.  By this point, the protocol had 
been developed and is ready to be applied without variation for an entire experiment to 
verify repeatability and to identify trends in DPF behavior.  Engine load setting is chosen 
such that the exhaust temperature is approximately 450°C, and is held constant for both 
loading and regeneration cycles for the entire experiment.  The backpressure threshold is 
defined for each loading cycle by adding 0.20 psi to the baseline backpressure established 
following engine warm-up or post-regeneration cool-down.   
 The DPF solid temperature profile shown in Figure 4.55 demonstrates the 
excellent repeatability of the entire experiment.  Approximately 200 minutes of data are 
missed due to the DAQ system crashing, though nothing of consequence was observed 
during that time.  It is immediately visible that the loading times are significantly longer 
than those observed in any other experiment.  This is due both to the high porosity of 
mullite and the continuous regeneration efficiency resulting from the high PGM loading.  
As ash accumulates within the filter, the loading times eventually shorten and begin to 
resemble those observed in previous experiment.  The repeatability of the protocol is 
further validated by the exhaust gas temperature profile presented in Figure 4.56.   
It is theorized that the morphology of the channel wall creates different stages of 
ash layer formation.  Initially, the ash deposits in voids on the surface.  This results in a 
very porous ash layer.  As ash continues to deposit, all the voids are filled, and a layer 
begins to form over the top, similar to the type of layer that forms in the cordierite filters. 








Figure 4.56:  Exhaust gas temperatures at various locations versus time for mullite 
substrate with high PGM loading 
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observed in both temperature profiles that temperatures begin to increase around the 
2000-minute mark.  This phenomenon is also visible in the exhaust backpressure profile 
shown Figure 4.58.  While it appears more material is being loaded in the filter, the mass 
data indicates a very linear trend over the entire experiment, as seen in Figure 4.59, 
confirming no increase in the rate of ash accumulation. 
Overall, the test results indicate that the protocol satisfies all of the requirements 
set forth.  The temperature profiles demonstrate excellent repeatability, and allow trends 
in DPF performance to be identified.  The backpressure data also exhibits great 
repeatability with an easily identifiable trend.  Finally, the mass data confirms that the 
protocol consistently loads the desired amount of soot and effectively regenerates the 
DPF every cycle.  The DPF must be characterized to evaluate the ash layer and determine 
if the results compare favorably with results published in literature. 
 
4.4.2 Mullite Substrate with High PGM Loading - Characterization Results 
Following the completion of this engine experiment, the sample is divided into 
quarter sections.  Three samples are again used for EPMA, SEM and ICP analysis, with a 
fourth again retained for future analysis.  Photographs taken of various areas of interest 
















Photographs taken of cross-sections from the front and middle sections, presented in 
Figures 4.61 and 4.62, again show a drastic difference in the amount of ash present.   
 Photographs of the samples analyzed using SEM, as seen in Figure 4.63, depict an 
ash layer that consistently increases in thickness along the length of the channel, with the 
rear-most channel completely plugged.  The front section appears to be devoid of any ash 
material, but further analysis reveals the presence of an ash layer that is again 
morphologically unique to mullite.  
EPMA is again employed to investigate the cross-sections of channels located 
throughout the filter.  Elemental maps displaying relative concentrations of the common 
lube-oil constituents such as calcium, zinc, phosphorus and sulfur, are used to identify the 
 ash layer and observe how it forms along the substrate wall.  The maps presented were 





Figure 4.61:  Photograph of one-quarter 
sample from middle section of mullite 
substrate with high PGM loading 
Figure 4.62:  Photograph of one-quarter 
sample from middle section of mullite 
substrate with high PGM loading 
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Figure 4.63:  Photographs of representative samples extracted from the front, front-
middle, middle and rear sections of mullite substrate with high PGM loading 
 
 
regions observed in the other substrates.  It is observed in Figure 4.63 that calcium and 
zinc once again provide the clearest representation of the ash.   Thus, the remaining maps 
are again simplified to show only these metals and the backscatter image.  
 The elemental maps representing the front section of the DPF, presented in 
Figures 4.64 and 4.65, show an ash layer of moderate thickness and but is highly porous.  
This is consistent with the ash layer observed with the first mullite DPF shown in the 
previous section.  When compared to the results from the cordierite substrate, the 
porosity of the ash layer is significantly higher.  This is the primary reason for the 
minimal impact of ash accumulation on engine backpressure.  The discontinuities in the 
ash layer are a combined result of the amorphous nature of the channel wall and the 
coarseness of the blade used during sample preparation.  It is not possible to achieve a 
perfectly flat cross section with the tools available, but special care is taken to prepare 
samples as flat as possible without disturbing the ash layer.  It is also likely that some of 
this ash layer broke away and deposited in the rear during the experiment.   
The elemental maps for the middle section of the DPF, shown in Figures 4.66 and 4.67, 





























section.    This observation illustrates that sample preparation has minimal effect on the 
ash layer itself, and thus the discontinuities mentioned in the front section are likely 
natural occurrences that result from the amorphous channel wall and the ash layer 
breaking off during the experiment.  EPMA elemental maps of the middle section show 
several small pieces of ash that have broken loose and shifted to the void section of the 
channel.  
 The elemental maps of the rear section of the DPF are presented in Figures 4.68 








Figure 4.69:  Elemental maps of rear section of mullite substrate with high PGM 
loading 
 
the first mullite substrate analyzed, the ash layer in the rear channels is not as discernable  
around the perimeter of the channel wall.  One possible explanation is the high PGM 
loading in the substrate that was observed to greatly increase the efficiency of continuous 
regeneration, minimizing soot deposition and subsequent flow restriction.  Thus, the 
majority of the exhaust gas passes through the front and middle section of the DPF, and 
no ash layer is formed in the rearmost sections. 
 To further examine the ash distribution within the DPF and the ash-substrate 
interface under high magnification, scanning electron microscopy is again employed.  
Representative channels are selected for each section and displayed in Figures 4.70 
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through 4.72, with ash layer thicknesses observed to be very similar between channels 
within each respective section.  Consistent with previous results, the ash layer is thinnest 
near the DPF inlet, as seen in Figures 4.70a and 4.70b.  The ash layer increases in 
thickness along the length of the channel, though this increase is extreme, as shown in 
images from the middle section shown in Figures 4.71a and 4.71b.  The absence of a 
visible ash layer in the rear channels matches the observations made following review of 
EPMA results.  It can be seen in Figures 4.72a and 4.72b that the ash within the rear 
channels consists of a large variety of different size agglomerates.  The larger 
agglomerates are portions of the ash layer that has formed upstream and broken loose.  
The size of these agglomerates on average is consistent with gaps observed in the ash 
layer of the front and middle sections, supporting the theory.  This further supports the 
theory of upstream ash formation and subsequent break off and accumulation in the rear 
section. 
Upon examination of a representative front section channel under increasing 
magnification, the ash layer is again observed to have formed around the acicular 
protrusions of the channel wall, as observed in Figures 4.73a through 4.73e.  The 
morphology of the ash layer and ash itself is nearly identical to that observed in the front 
section of the first mullite substrate, demonstrating good agreement between the results 
of the two experiments.  Upon examining a single acicular protrusion under extremely 
high magnification as in Figure 4.73e, a thin cracked coating is visible on the surface. 
Energy Dispersive X-ray Spectroscopy was used to identify this layer as the washcoat 
and catalyst layer containing platinum that was applied to the filter prior to the 




Figure 4.70a:  SEM image of front 
section channel (38X) 
Figure 4.70b:  SEM image of front 




Figure 4.71a:  SEM image of middle 
section channel (38X) 
Figure 4.71b:  SEM image of middle 




Figure 4.72a:  SEM image of rear section 
channel (38X) 






Figure 4.73a:  SEM image of front 
section channel (110X) 
Figure 4.73b:  SEM image of front 




Figure 4.73c:  SEM image of front 
section channel (440X) 
Figure 4.73d:  SEM image of front 




Figure 4.73e:  SEM image of front 
section channel (2200X) 
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substrate has significant implications with regard to both backpressure increase and 
exposure to the exhaust gas stream.  Since the layer of washcoat with catalyst is relatively 
thin with respect to the acicular segments themselves, there is an inherently minimal 
increase in baseline backpressure.  Assuming the catalyzed washcoat covers a large 
percentage of the segments within the filter, this provides a far greater area over which 
the exhaust gas can flow, greatly increasing the efficiency of continuous soot oxidation.  
This increases loading times and has other implications with regard to the manner in 
which ash accumulates and distributes within the DPF.  This advantage was clearly 
visible in the experimental data as the loading times were on average far longer than 
those observed in the non-catalyzed mullite DPF, and the total number of regenerations 
required was less than half. 
Images of the ash layer in the rear section of the DPF are presented in Figures 
4.74a through 4.74e.  The ash layer along the channel wall reveals a less dense ash 
deposit, consistent with the absence of a macroscopic ash layer along the channel wall.  
The ash fragments themselves appear very porous under high magnification, and ash 
penetration into the channel wall was again observed to be minimal.  Examination of a 
single acicular protrusion in the rear section did not clearly identify a large presence of 
catalyst material as was identified in the front section, raising questions about the 
distribution of the catalyst material within the filter.  ICP analysis of a quarter section of 
the DPF indicates a fairly even distribution of the catalyst material over the length of the 
channels, thus increasing the efficiency of continuous regeneration throughout the filter.  




Figure 4.74a:  SEM image of rear section 
channel (110X) 





Figure 4.74c:  SEM image of rear section 
channel (440X) 





Figure 4.74e:  SEM image of rear  
section channel (2200X) 
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Overall, the characterization results from the catalyzed mullite DPF provide 
valuable insight that is not readily available in literature.  First, the ash is well distributed 
throughout the DPF, though the ash layer thickness still increases from front to rear.  
Investigation also provides further visual understanding of the manner with which the ash 
layer forms within the protrusions of the acicular channel wall, resulting in better 
distribution, increased porosity and greater structural integrity.  The density of the ash 
particles themselves was observed to vary based on location along the channel and even 
within the cross section itself.  The composition and distribution of the ash will be 
quantified in Section 4.6.  The mullite has shown to possess a drastically different 
morphology from the other materials analyzed during this investigation.  Though 
filtration efficiency was not quantified in this investigation, the manufacturer reports 
efficiencies as high as 99.9%.  Thus, the acicular structure provides a highly porous 
substrate, excellent structural integrity, increased surface area for catalyst material in 
addition to highly efficient filtration performance.  More investigations are required to 
verify the performance of mullite in a variety of applications and environments.  For this 
experiment, mullite exhibits excellent performance attributes, and characterization 
yielded interesting results regarding the principles by which mullite achieves these 
superior advantages. 
 
4.5 Silicon Carbide Substrate With No PGM Loading 
4.5.1 SiC Substrate With No PGM Loading – Experimental Results 
 This experiment is the fourth carried out overall.  By this stage in the 
investigation, the protocol has been developed and is applied without variation. 
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However, it was discovered halfway through the experiment that the upstream DOC had 
melted and warped, possibly the result of post injection problems.  The damage to the 
upstream DOC resulted in higher backpressures and decreased production of NO2 for 
continuous regeneration.  The higher backpressure increases the rate of soot production, 
which in turn raises DPF temperatures during both loading and regeneration cycles.  
Upon discovery of the problem, the DOC was replaced and the experiment was 
continued.  The effects of the damaged DOC and subsequent replacement are clearly 
visible in all of the experimental data.  The most pronounced changes are observed in the 
DPF solid temperature plots, shown in Figure 4.75.  The temperature profiles indicate 
good repeatability, with the small variations attributed to inconsistent soot loading as a 
result of damage to the DOC.  Following the replacement of the DOC, the temperature 
data is observed to shift down approximately 100ºC over the course of two cycles.  It is 
also observed that loading times increase, indicating a decrease in backpressure and 
subsequent soot production, as well as an increase in continuous regeneration efficiency.  
Heretoforth, the data is said to have two regions of showing good repeatability and 
providing useful information. 
 The existence of two distinct experimental regions is also observed in the exhaust 
gas temperature data displayed in Figure 4.76.  Again, good repeatability is observed 
within the respecting regions, with variations in the earlier region attributed to higher 
backpressure and inconsistent soot loading.  It is interesting to observe the effect of 
backpressure and continuous regeneration efficiency on the overall system temperature 
profile.  Lower backpressures result in slightly lower engine out exhaust temperature, less 








Figure 4.76:  Exhaust gas temperatures at various locations versus time for non-
catalyzed SiC substrate 
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latter region, the temperature trend is observed to increase slightly over the remainder of 
the experiment, further confirming the effect of backpressure on system temperatures. 
 The exhaust backpressure profile, shown in Figure 4.77, provides a visual 
understanding of the impact that problems with the DOC had on system performance.  It 
is believed that the DOC was either faulty or damaged early on in the experiment, 
possibly the result of problems with the supplemental fuel injection system.  It is possible 
that the damage worsened until finally the DOC experienced a catastrophic failure, at  
which point the problem was identified and rectified.  Since the DOC used in the latter  
stage of the experiment was cut from the same monolith as the first, it can be inferred 
from the pressure drop between regions that the problem with the DOC developed early 
in the experiment.  Since the data showed good repeatability, there was no indication of a 
problem until the catastrophic failure and subsequent spike in backpressure.  Despite the 
problems with the DOC, the backpressure is observed to slightly increase over time in 
both regions with approximately equal slopes.  This will be discussed in more detail in 
Section 4.6. 
 For ease of viewing and understanding, the DPF mass data is divided into the two 
regions and plotted independently in Figures 4.78 and 4.79.  The former shows a trend in 
which the loaded and clean masses appear to converge, the result DOC warping and 
subsequent associated increases in backpressure that decrease the apparent loading cycle 
length.  The latter plot shows a trend in which the masses diverge slightly, though the 
trend is based on only a few data points..  In both cases, the clean DPF masses show great 
linearity, confirming the efficiency of the regeneration strategy and further indicating the 




Figure 4.77:  Exhaust backpressure versus time for non-catalyzed SiC substrate 
 
 
and clean trends would be parallel, as seen in both Sections 4.2 (cordierite high PGM) 
and 4.4 (mullite high PGM). 
 In summary, despite problems experienced with the upstream DOC, the protocol 
provided very repeatable results in both regions of operation.  While the circumstances 
under which this experiment was completed were not ideal, the results demonstrate the 
flexibility of the protocol with regard to different operating conditions, even during the 
same experiment.  While neither the loading protocol or regeneration strategy were 
varied to capitalize on the advantages of SiC, the data clearly shows that the protocol 
provides a consistent rate of ash formation within the filter while maintaining filter 





Figure 4.78:  DPF mass data versus time for non-catalyzed SiC substrate 
 
 




4.5.2 SiC Substrate With No PGM Loading) - Characterization Results 
 Upon completion of the engine experiment, the DPF is divided into quarter 
sections for characterization using EPMA, SEM and ICP analysis. Photographs taken of 
cross-sections from the front and middle sections are presented in Figure 4.80 and Figure 
4.81, respectively.  A radial variation in ash distribution is clearly visible and more 
pronounced than the variations observed in the other substrates evaluated in this 
investigation.  This trend was observed to some extent in all experiments, and it is 
believed that exhaust system geometry is responsible at least in part for this ash 
distribution.  The ash in the channels that are completely plugged was observed to be 
very loosely packed, presenting difficulty in SEM sample preparation.   
Photographs of the samples analyzed using SEM, shown in Figure 4.82, again 
depicts an ash layer that drastically increases in thickness.  Approximately one half of the 
channels in the middle section are observed to be completely plugged up with ash, 




Figure 4.80:  Photograph of one-quarter 
sample from front section of non-
catalyzed SiC substrate 
Figure 4.81:  Photograph of small cross-
section from middle section of non-
catalyzed SiC substrate 
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Figure 4.82:  Photographs of representative samples extracted from the front, front-




EPMA is used to characterize the ash layer distribution by observing the relative 
concentrations of calcium, zinc, phosphorus and sulfur in a large number of cells from 
throughout the filter.    The maps presented here represent the front, middle and rear 
sections of the DPF in a manner similar to that presented in previous section.  Upon 
examining the first elemental map for the front section, shown in Figure 4.83, it is again 
observed that the relative concentration of phosphorus is approximately equal to that of 
calcium, and sulfur approximately equal to zinc.  Once again, for the sake of simplicity, 
the remaining elemental maps show only the backscatter image, calcium and zinc.   
 The elemental maps for the front section of the DPF are presented in Figures 4.83 
and 4.84, and show a relatively thin and porous ash layer formed on the walls of the 
channel.  The ash layer is fairly dense and in most cases covers the entire inside perimeter 
of the cell.  This has significant implications with regard to the backpressure increase as a 
function of ash loading, though this impact is not quantified in this investigation.  The 
morphology of the SiC channel wall has a fairly rough texture, though not like that of 
mullite, and thus the ash layer does not integrate with the wall but  
rather forms a porous layer on top, with ash observed to break away and deposit in the 

















The elemental maps for the middle section of the DPF, shown in Figures 4.85 and 
4.86, depict an ash layer that is clearly thicker than that observed in the front section.  
The shape of the ash layer in the middle section was varied from channel to channel, with 
the only consistency being in the average thickness of the layer.  These variations in ash 
distribution over the cross section are likely again the result of exhaust system geometry, 
and the layer itself being loosely packed and susceptible to breakage due to vibration.   
The elemental maps of the rear section of the DPF, displayed in Figures 4.87 and 
4.88, show channels that plugged with large ash agglomerates that are very loosely 
packed.  This ash morphology presents problems during sample preparation since the ash 




Figure 4.85:  Elemental maps of middle section of non-catalyzed SiC substrate 
 
 




Figure 4.87:  Elemental maps of rear section of non-catalyzed SiC substrate 
 
 
Figure 4.88:  Elemental maps of rear section of non-catalyzed SiC substrate 
 
 
general morphology of the ash layer can still be observed.  In addition, the presence of a 
thin ash layer along the channel wall is visibly present.  This layer likely formed in the 
early part of the engine experiment before ash started to break loose from the upstream 
sections and deposit in the rear. 
 The relatively high porosity of the ash in the rear section has significant 
implications with regard to ash distribution within the filter, specifically, along the length 
of the channels.  This distribution and its effect on engine backpressure will be quantified 
in Section 4.6. 
 SEM is used to gain a more detailed understanding of the ash layer morphology 
and distribution along the length of the channel.  Representative channels are selected for 
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the front, middle and rear sections and displayed in Figures 4.89 through 4.91.  
Consistent with EPMA results the ash layer is thinnest in the front section and increases 
in thickness along the length of the channels.  As noted earlier in this section, 
approximately one half of the middle channels were plugged with ash.  This ash material 
did not remain intact during sample preparation, and thus only the ash layer that formed 
along the channel wall is visible.  Another observation worth noting is that while there 
was a thin ash layer visible in the elemental maps of the rear section, there is no distinct 
ash layer visible in the SEM images of rear channels.  Once again, it is believed that the 
addition of the epoxy used for EPMA sample preparation caused the ash in the rear 
sections to shift within the channel.  The distribution of ash along the length of the 
channel will be quantified using ICP analysis, with results presented in Section 4.6.  It is 
not believed that sample preparation ICP will have a significant adverse effect on ash 
distribution. 
The ash layer present in the front and rear sections is now examined under greater 
magnification, with focus placed on the region in which ash comes into contact with the 
substrate.  Representative channels are again selected from the front and rear sections for 
observation under increasing magnification.  Further analysis of the ash layer in the front 
section reveals minimal ash penetration into the channel wall, as seen in Figures 4.92a 
through 4.92e.  Observation of the substrate itself reveals the third distinct substrate 
morphology seen in this investigation.  The size of the pores on the surface of the channel 
wall is observed to be nearly the same as the average size of the ash particles present, and 
greater magnification is necessary to clearly define the interface between the ash layer 




Figure 4.89a:  SEM image of front 
section channel (38X) 
Figure 4.89b:  SEM image of front 




Figure 4.90a:  SEM image of middle 
section channel (38X) 
Figure 4.90b:  SEM image of middle 




Figure 4.91a:  SEM image of rear section 
channel (38X) 





previous substrates, affirming that the protocol provides consistent operating conditions. 
Images of the ash present in the rear section of the DPF, shown in Figures 4.93a 
through 4.93e, provide a more informative visual understanding of the physical 
interaction between the channel wall and the ash layer.  The ash particles observed in the 
rear section are slightly smaller than the pores seen on the surface of the channel wall, 
which allows some shallow penetration of ash into the wall.  This has implications with 
regard to both filtration efficiency and backpressure increase.  While filtration efficiency 
is not quantified in this investigation, trends in backpressure increase as a function of ash 
accumulation will be addressed in Section 4.6. 
While the morphology and distribution of ash within the DPF is not identical to 
that observed in either the mullite or cordierite substrates, the trends observed are 
consistent with expectations in general.  Namely, the ash layer is observed to again 
increase in thickness between the front and rear sections, with the rear channels 
completely filled with ash.  Results again show that calcium and phosphorus are the most 
prevalent of the elements selected for analysis using EPMA elemental maps, which has 
been consistent through all of the experiments.  There is a thin ash layer observed in the 
rear section of the DPF, though this layer is not discernable in the SEM images.  The 
morphology of the ash in the rear section supports the theory that the majority of the ash 
had formed upstream in the channel before breaking loose and depositing in the rear.  
Overall, results indicate that the protocol that was developed and implemented for this 
experiment produces excellent results in both the experiment itself and the subsequent 





Figure 4.92a:  SEM image of front 
section channel (110X) 
Figure 4.92b:  SEM image of front 




Figure 4.92c:  SEM image of front 
section channel (440X) 
Figure 4.92d:  SEM image of front 




Figure 4.92e:  SEM image of front  




Figure 4.93a:  SEM image of rear section 
channel (110X) 





Figure 4.93c:  SEM image of rear section 
channel (440X) 





Figure 4.93e:  SEM image of rear  
section channel (2200X) 
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4.6 Overall Performance Evaluation and Comparisons 
4.6.1 Effects of ash accumulation on system performance 
 The purpose of this investigation was not specifically to compare the performance 
characteristics of different substrates and catalyst loadings.  However, there is an inherent 
requirement to possess a broad understanding of the types of conditions that may be 
experienced by the system so that the protocol developed can be successfully applied and 
produce repeatable results over a broad range of operating conditions.  
 Engine backpressure was recognized as the parameter of primary interest in the 
development of a protocol that is predicated on the accumulation and regeneration of a 
consistent amount of soot.  While a real-time method of monitoring the mass of soot 
accumulated within the DPF is not feasible for the relatively small masses desired, it has 
been shown in the previous sections that soot-loading amounts can be estimated by 
evaluated changes in exhaust backpressure.  The effect of ash accumulation on 
backpressure is clearly visible in the backpressure plots for each substrate, while the 
magnitude of each effect varies between substrates.  Figure 4.94 shows the effect of ash 
accumulation on the baseline backpressure for each of the substrates discussed in 
Sections 4.1 through 4.5.   
 The most obvious point of interest is the trend line for Test 2 that has a negative 
slope, indicating a decrease in backpressure as ash accumulates in the DPF.  Prior to this 
particular test, an effective regeneration strategy had not been developed, so it is likely 
that many of the regenerations performed in the first half of the test were not complete.  
Thus, both ash and the remaining soot produce the increase in backpressure observed in 









Test 4 was discovered by observing a drastic increase in system backpressure.  In order to 
extract useful information regarding backpressure trends, skewed data must be eliminated 
and the remaining data plotted in two groups representing periods both before and after 
the DOC replacement.  Figure 4.95 is presented as a modification of Figure 4.93, with 
data from Test 2 removed and the data from Test 4 plotted in two groups.  This 
modification enhances the interpretability of the data, demonstrating the variations in 
system performance for which the protocol must be able to compensate. 
 First, it is noted that the initial backpressure for the highly-catalyzed cordierite 
substrate DPF is dramatically higher than that of the lightly-catalyzed cordierite substrate. 
It is understood that both the amount of catalyst/washcoat material and the manner in 








the slopes of the trend lines associated with the both cordierite substrates are nearly 
parallel, indicating that the accumulation of ash has the same effect on both catalyzed and 
non-catalyzed cordierite substrates.  This trend cannot be confirmed for other substrates 
since backpressure data from the first mullite test is not considered usable, and no test  
was performed on a catalyzed SiC substrate. 
 For both SiC data sets, it is observed that the associated trend lines are nearly 
parallel to the trend lines for cordierite, with the initial backpressure only slightly higher 
than that of the non-catalyzed cordierite substrate.  However, it is believed that the trend 
line associated with the first SiC data set is steeper because of the progressive DOC 
warping and eventual failure.  It is also observed that, following the replacement of the 
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DOC, the baseline backpressure nearly returns to its initial value.  This confirms that, 
while there are some consistent trends observed in the SiC data, another test would need 
to be performed to confirm the legitimacy of these trends. 
 For mullite, both the initial backpressure and the rate of increase with respect to 
ash accumulation are lower than those observed for cordierite and mullite.  This result 
suggests mullite possesses several advantages as a DPF substrate material with regard to 
engine performance.  While the scope of this investigation did not include evaluation of 
cost and other factors important to DPF system performance such as filtration efficiency 
and thermal fatigue resistance, the temperature and backpressure results presented here 
do demonstrate mullite’s lower backpressure characteristics.  It is believed that the 
protocol developed can be used to further evaluate the performance of mullite and other 
potential substrate materials in an accelerated manner to identify new advantages or 
complications associated with each. 
 Another performance characteristic of interest is the light-off temperatures, 
defined as the temperature at which the exhaust backpressure values are first observed to 
decrease during regeneration.  This temperature is strong function of both the type of soot 
and catalyst materials present.  Over the course of each experiment, continuous 
regeneration efficiency decreases, due to higher soot production rates resulting from 
increased backpressure, and DOC deactivation resulting in less NO2 being produced.  
Figure 4.96 presents these lightoff temperatures as a function of soot accumulation. 
 It is first noted that the vast majority of the data points from all 5 tests fall in the 
range between 580ºC and 620ºC.  The first set of SiC data points are clearly higher than 




Figure 4.96:  Soot lightoff temperature versus ash accumulation 
 
 
backpressure.  Once the DOC is replaced, the values fall into the aforementioned range 
and remain consistent for the remainder of the test. 
It is also noted the light-off temperatures for the two highly-catalyzed substrates 
are initially lower but increase into the aforementioned common range after 
approximately 5 grams of ash accumulation.  This phenomenon is due to the enhanced 
continuous regeneration associated with the increased catalyst loadings.  As ash 
accumulates, the catalyst material becomes covered and thus is no longer exposed to the 
soot layer, decreasing the influence of the catalyst on regeneration. 
 Overall, the accumulation of ash has minimal effect on non-catalyzed and lightly-
catalyzed substrates, while the impact on highly-catalyzed substrates is clearly visible, 
particularly during the first 5 grams of ash accumulation.  Highly-efficient continuous 
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regeneration is desired to minimize repetitive backpressure increases associated with soot 
accumulation and active regeneration.  However, for systems requiring periodic active 
regeneration, results indicate that ash accumulation has minimal impact on soot light-off 
temperature. 
 
4.6.2 Chemical Analysis of Fuel, Lube-oil and Ash-loaded Substrates 
 The ash-loaded substrates from Tests 3, 4 and 5 were analyzed using ICP to 
quantify the amount of ash present as well as the distribution of the ash along the length 
of the DPF.  In addition, ICP analysis of the lube-oil and the doped fuel provides valuable 
information regarding the presence of ash constituents, and allows for an approximation 
of the amount of ash produced over the course of the experiment. Table 4.1 shows the 
DPF test matrix, which provides pertinent information such as PGM loading, DOC 
length, and ash loading.  Combining this data with the analysis of the ash-loaded 
substrates allows for a calculation of ash recovered by the DPF.  
 Table 4.2 lists the concentrations of zinc, sulfur, calcium and phosphorus in the 
substrates, lube-oil and doped fuel.  In addition, the masses associated with these 
concentrations as well as the calculated recovery percentage for each element are 
calculated and presented.  It is observed that the concentrations of phosphorus are 
 




Table 4.2:  Quantification of ash constituents in oil, fuel and ash-loaded substrates 
 
 
relatively small compared to the concentrations of the other elements of interest.  In 
addition, the recovery masses are greatest for calcium in all three substrates, further 
identifying calcium as the primary ash constituent.  Calculated masses of calcium and 
zinc, in particular, indicate an ash recovery of around 90% for the cordierite substrate, 
while the recovery percentages for the SiC and mullite substrates are on the order of 50% 
to 60%.  It is noted that a change in lube-oil formulation occurred between Test 3 and 
Test 4 and is responsible, at least in part, for this disparity in recovery.    
 To observe the distribution of ash within the cordierite DPF, a quarter-section is 
cut into five segments of equal length for analysis.  Figure 4.97 shows the measured 
weight percentage of four ash constituents as a function of position along the direction of 
flow within the DPF.  Consistent with observations made during EPMA and SEM 
analysis, ash levels are relatively small near the inlet and increase along the length of the 
DPF. Furthermore, the ash concentrations in the rear-most sections of the DPF are lower. 
This is the result of both the presence of channel plugs at the end of the inlet channels and 
ash clogging upstream that prevents ash material from reaching the rear-most section.  
Overall, the distribution is consistent with analysis presented in the preceding sections. 
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 The ash distribution for non-catalyzed SiC substrate is quantified by dividing a 
quarter-section of substrate into three equal segments.  The reduction in the number of 
sections is both to reduce analysis time and minimize loss of ash material during sample 
preparation.  Figure 4.98 presents this data for the same four ash constituents.  Calcium is 
again observed to be present in the greatest amounts, with the most dramatic increase 
occurring between the front and middle sections.  Concentrations of the remaining 
elements are relatively low and exhibit minimal variation along the length of the DPF.  It 
is noted, however, that phosphorus levels in the SiC substrate are significantly higher 
than those observed in the cordierite substrate, again the result of a change in lube-oil 
formulation.  Nonetheless, the overall ash distribution is observed to increase between the 
inlet and exit, consistent with EPMA and SEM results. 
 The ash distribution in the highly-catalyzed mullite substrate is illustrated in 
Figure 4.99.  Unlike the previous two distributions, concentrations of all four ash 
constituents are observed to increase along the length of the DPF.  These results differ 
from predictions made during EPMA and SEM analysis in which the ash appeared to be 
more evenly distributed throughout the DPF.  It is possible that variations in ash density, 
and perhaps even the presence of elements not quantified, are responsible for the 
disparity between visual and quantitative results. 
 Overall, the ash recovery and distributions observed are in agreement with results 
presented in previous sections and referenced literature.  While these results provide 
some insight with regard to trends that differ between substrates, a more comprehensive 
study, including multiple tests carried out on each substrate, is necessary to draw any firm 




Figure 4.97:  Quantification of ash constituents by location in lightly-catalyzed 
cordierite substrate (Test 3)  
 
 
Figure 4.98:  Quantification of ash constituents by location in non-catalyzed SiC 





Figure 4.99:  Quantification of ash constituents by location in highly-catalyzed 




approximately 40% of the total ash present within the DPF.  Expanded analysis of the 
ICP data revealed relatively high concentrations of iron present in all three substrates, 
accounting for approximately 2%, 5% and 8% of the total ash present in the SiC, 
cordierite and mullite substrates, respectively.  The remainder of the mass increase that is 
not associated with these five elements is likely accounted for by the presence of more 
common elements such as oxygen and carbon that combine with the primary ash 
elements to form compounds. 
 To identify compounds present, the ash from three substrates was analyzed using 
XRD.  While this method cannot be used to quantify the presence of these compounds, 
identification is an important step in understanding the ash composition and accounting 
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for disparities between calculated and measured ash masses.  Figure 4.100 presents the 
XRD data for ash extracted from the SiC substrate.  Figure 4.101 shows the XRD data for 
the ash collected from the highly-catalyzed mullite DPF.  Finally, Figure 4.102 displays 
the XRD data for ash taken from the highly-catalyzed cordierite substrate. 
 For all three substrates, results clearly indicate the presence of calcium sulfate 
(CaSO4), calcium phosphate (Ca3(PO4)2), and zinc phosphate (Zn(PO3)2).  It is also 
possible that calcium sulfite (CaSO3) is present, though several of the relative peak 
intensities and associated scan angles are difficult to distinguish from those associated 
with other compounds.  Additionally, it is likely that simple oxides of calcium and zinc 
are present in the ash, though these compounds are not easily identifiable with the 
instrument and software used. 
 Chemical analysis of several ash-loaded substrates provides valuable information 
regarding the composition of the lube-oil, doped fuel and ash.  Calculations indicate the 
DPF successfully traps the vast majority of ash, though not all of the measured mass 
increase can be accounted for using the methods available for this investigation. 
Combined results from ICP and XRD indicate that calcium sulfate is the most prevalent 
of the identified compounds.  Calcium phosphate and zinc phosphate are both present, 
though in lesser quantities as indicated by the smaller concentrations of phosphorus 
observed.  Overall, the results and conclusions reached here are consistent with those in 
previous studies.  It is believed that the protocol successfully produces the desired ash 


















4.7 Comparisons of Characterization Results to Literature 
 To support the validity of this accelerated ash loading protocol using a small 
engine and diesel fuel doped with lube oil, several published results from other 
investigations are presented with results from the present investigation, allowing side-by-
side comparisons of ash morphology and distribution. 
Instead of removing ash from the DPF for ICP-AES analysis, the sample 
preparation method for the present investigation involves the complete digestion of the 
substrate and ash material by acid.  ICP analysis performed in other investigations 
involved the removal of ash from the substrate using various methods, and results 
consistently indicated contamination of the ash sample by substrate material.  While the 
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sample preparation method for ICP-AES in the present investigation allows for the 
quantification of ash recovery and distribution, these results cannot be directly compared 
to results published in other investigations.  This section will focus on the comparison of 
optical images, EPMA elemental maps and SEM images. 
The simplest method of comparing the distribution of ash is to visually observe 
the relative thickness of the ash layer at various locations within the DPF.  Figure 4.103 
provides a comparison of the ash layers formed in two cordierite substrates.  The first set 
of photographs (left) show the ash layer in a non-catalyzed cordierite substrate aged on an 
engine bench for 600 hours at high load with only natural lube oil consumption.  The 
second set of photographs (right) shows the ash layer observed in the lightly-catalyzed 
cordierite substrate evaluated in Test 3 of the present investigation.  The ash layers in 
both substrates are observed to increase in thickness along the length of the channel, with 
the rear-most section being completely plugged with ash.  While the overall dimensions 
of the two DPF substrates were different, the ash layers at each relative location were 
very similar, indicating that the substrate selected for the small-scale rapid ash loading 
evaluation was appropriately sized for the engine.   
 To evaluate the chemical distribution and overall morphology of the ash layer 
within an individual channel for these two substrates, EPMA elemental maps are used to 
identify the relative concentrations of calcium, zinc, phosphorus and sulfur.  A 
comparison of these elemental maps is presented in Figure 4.104.  The channels shown 
represent the middle section in the center of the DPF.  The first two sets of maps (top) 
represent ash layers formed using two low-ash oil formulations.  The third set (bottom) 





























 Ash formed in a 
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Ash layer formed in a cordierite DPF using  
“Low Ash A” 10w-30 
(varying load, natural LOC)[28] 
Ash layer formed in a cordierite DPF using  
“Low Ash B” 10w-30 
 (varying load, natural LOC)[28] 
  
 
Ash layer formed in a cordierite DPF (Test 7) using Rotella 15w-40  
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Test 7 of the present investigation.  Both ash layers appear macroscopically porous, 
potentially the result of ash agglomerates breaking away from the channel wall and 
depositing in the rear of the DPF.  The relative concentrations of zinc and phosphorus in 
particular compare very favorably between the two investigations, further confirming the 
validity of the accelerated ash loading protocol. 
 Further evaluation of the ash layer was carried out using images acquired under 
high magnification using SEM.  Figure 4.105 shows the ash layer formed in two 
cordierite substrates.  The first ash layer (left) was formed using an engine bench to aged 
the DPF for 25 hours with varying load and natural lube oil consumption.  The second 
ash layer (right) was acquired during analysis of the highly-catalyzed cordierite DPF 
evaluated in Test 7 of the current investigation.  The morphology of the ash layer and 
individual ash agglomerates compares very favorably between the two investigations.  








Ash produced in a non-catalyzed cordierite 
substrate using SAE 0w-40 
(varying load, natural LOC)[27] 
Ash produced in highly-catalyzed 
cordierite substrate (Test 7) using Rotella 
15w-40 (normal load, 5% doped fuel) 




majority of ash observed over the course of the investigation.  Thus, these results once 
again support the validity of the accelerated testing protocol. 
 Finally, SEM analysis is again employed to compare individual ash particles 
within the DPF.  Figure 4.106 presents SEM images of ash formed in two cordierite 
substrates acquired under extremely high magnification.  The first image (left) represents 
ash formed in a DPF that was aged during an on-road experiment carried out with 23 
tractor trailers retrofitted with SCR-DPF systems. The second image (right) shows an ash 
particle formed in the highly-catalyzed cordierite substrate evaluated in Test 7 of the 
present investigation.  While differences in the resolution and contrast of the SEM 
instruments used in the two investigations provide different visual representations of the 
ash, the overall size and morphology of the ash is still apparent and both compare 




Ash produced in a non-catalyzed 
cordierite substrate using SAE 15w-40 
(on-road, normal LOC)[48] 
Ash produced in highly-catalyzed cordierite 
substrate (Test 7) using Rotella 15w-40 (normal 
load, 5% doped fuel) 




 Overall, characterization of the ash layers formed in the substrates aged using the 
accelerated ash loading protocol developed during the present investigations compares 
favorably with previous published works.  It is again noted that there is a very limited 
number of relevant characterization results available in published literature, especially 
with regard to SiC and mullite, making it difficult to draw any conclusions with 
appreciable certainty.  However, based on the results available, it is believed that the 
accelerated ash loading protocol described in this study can be used as an adequate tool 


















 Increased lube-oil consumption by means of fuel doping using a laboratory-scale 
diesel engine is shown to result in a dramatic increase in the rate of ash accumulation.  
The rate of accelerated lube-oil consumption was estimated to be ~50 times that of 
natural lube oil consumption, with the 60 hour experiments simulating approximately 
90,000 miles of operation.  While any method of artificially increasing lube-oil 
consumption brings with it inherent differences in ash formation and system 
performance, this investigation has shown that doping diesel fuel with a specific amount 
of lube oil provides a favorable method of simulating high-mileage ash accumulation in a 
relatively short amount of time. 
 Due to differences in backpressure resulting from different substrate porosities 
and the accumulation of ash during the experiments, the amount of soot accumulated is 
approximated by observing the increase in backpressure during the loading cycle.  While 
the soot production rate has been shown to be a strong function of backpressure, results 
indicate that this technique provides a reasonably accurate and repeatable method of 
achieving the desired soot loading level.  The importance of achieving this target soot 
loading level is two-fold.  First, if too little soot is loaded, the number of active 
regenerations will increase, resulting in a larger associated fuel penalty that is an 
important concern for real-world applications.  If too much soot is accumulated, there is 
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increased potential for an uncontrolled regeneration that could produce severe 
temperature excursions and damage the DPF.  The protocol developed during this 
investigation found that a backpressure increase of 0.20 psi resulted in the desired soot 
loading of 3 grams per liter.  The protocol is shown to consistently meet these soot 
loading requirements. 
 For this backpressure-based soot loading protocol to remain effective, the 
carbonaceous portion of the engine-out soot must be oxidized both by continuous 
regeneration and active regeneration to minimize the impact of soot accumulation on 
engine backpressure.  Efficient continuous regeneration by NO2 occurs only at lower 
temperatures (~300ºC), which are typically experienced by most aftertreatment systems 
during normal engine operation.  While NO2 is observed to extend the length of the 
loading cycle by continuously oxidizing a portion of the engine-out soot particles, the 
DPF must be actively regenerated periodically to remove soot particles that accumulate 
within the channels.  This is achieved by injecting supplemental fuel into the exhaust 
stream upstream of the DOC, thus increasing exhaust temperatures (~700ºC) through the 
DPF and facilitating oxidation of PM by O2.  While these higher temperatures decrease 
the soot oxidation efficiency of NO2, regeneration activity via O2 increases significantly.   
 To consistently remove all particulate matter from the DPF, an effective and 
repeatable active regeneration strategy was developed and employed.  Exhaust gas 
temperatures were increased by injecting atomized diesel fuel into the exhaust stream 
upstream of the DOC.  The fuel is injected using a calibrated metering pump, allowing 
for precise control of the flow rates.  The exhaust gas and DPF solid temperatures 
associated with each injection rate must be calculated for different substrates and 
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configurations.  To begin the active regeneration process, the fuel injection rate is set to 
produce DPF inlet gas temperatures of approximately 550ºC.  This temperature is in the 
lower part of the temperature range in which oxidation by O2 is possible, and is selected 
to slowly heat the system up and minimize the potential of initiating uncontrolled 
regenerations.  The fuel rate is incrementally increased every five minutes until DPF 
temperatures reach approximately 725ºC.  This injection rate is maintained until the total 
regeneration time reaches the predefined length (thirty minutes), at which time the 
supplemental fuel injection is shut off and the next loading cycle begins.  Results indicate 
that this strategy produces very repeatable temperature profiles and is very efficient in 
removing all PM from the DPF, although it is a lengthy cycle. 
 Characterizations of the substrates aged using this accelerated ash loading 
protocol reveal several distinct trends in ash composition, morphology and distribution 
within the DPF.  Consistent with referenced literature, the ash layer thickness and total 
quantity of ash present in the inlet channels increases along the length of the DPF.  The 
thickness of the ash layer is a strong function of the channel wall morphology, affecting 
the ability of ash to remain intact with the channel wall.  In all substrates, varying amount 
of ash material was observed to break loose from the channel walls upstream and deposit 
in the rear of the filter, completely plugging the channels as far as one half the length of 
the DPF.  The density of the ash layers and material deposits, as well as the overall 
distribution of ash, was observed to have significant impact on engine backpressure.  
Visual observation of the ash layers in the cordierite and SiC substrates revealed that 
these layers are fairly dense and relatively thin, resulting in dramatic increases in engine 
backpressure.  The ash layer in the mullite substrates was observed to be much thicker, 
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less dense and better distributed along the length of the DPF, resulting in a less 
significant backpressure increase over the course of the experiment.  While a more 
detailed analysis to quantify the density and permeability of each ash layer is left to 
future investigation, the density of the ash layer, distribution throughout the DPF, and 
total mass accumulation have all been shown to be equally important design 
considerations in the development of an effective and durable DPF system. 
 The lube-oil and diesel fuel used for this investigation are considered common 
based on composition and commercial availability.  Consistent with referenced literature, 
calcium sulfate and zinc phosphate are identified with great likelihood as the primary 
constituent of the ash that is formed using the developed protocol.  XRD results indicated 
the presence of other calcium and zinc compounds but cannot be quantified at this time.  
In addition, the presence of iron in the ash identifies another potential source of ash that 
could become relatively significant once the usage of newer low-ash lube-oil 
formulations becomes more prevalent. 
 The protocol developed to accelerate the formation and accumulation of ash 
within a DPF has been shown to satisfy all efficiency and repeatability requirements 
outlined prior to the investigation.  It is recommended as a rapid screening tool for the 
development of new DPF substrates, system configurations and oil formulations with the 
knowledge that ash accumulation is the single most critical aspect affecting the durability 
of DPF aftertreatment systems. 
 To summarize, the main features of the accelerates ash loading protocol are a 
backpressure-based method for accurately determining the soot present in the DPF as ash 
accumulates, and an active regeneration strategy that effectively removes all soot from 
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the DPF by raising exhaust temperatures to facilitate oxidation of carbonaceous material 
by O2.  All temperatures and backpressures experienced by the system are comparable to 
those that are commonly observed in a variety of real-world applications, maximizing the 
relevance and legitimacy of this testing protocol and subsequent results.  In addition, a 
comprehensive characterization study has been performed for comparison to more field-
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